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Abstract
Biotic and abiotic stress factors consistently threat during different stages of the
plant’s life cycle. A complex network of signaling molecules is required to overcome
stresses, which is linked to general physiological and molecular processes. Botrytis
cinerea is a necrotrophic fungal pathogen that causes grey mold disease on many
crops. Apart from B. cinerea, several biotic, abiotic and hormonal stresses have
detrimental effects on plant growth and productivity. The aim of this study is to
identify the genetic regulations of individual stress types using comparative microarray
analyses, and to find out the role of differentially expressed genes in Arabidopsis-B.
cinerea pathosystem and the common genetic regulations across these stresses in
response to B. cinerea. The transcriptomic data were analyzed to identify the
overlapping stress-regulated genes in response to B. cinerea and other biotic
(Alternaria brassicicola, Pseudomonas syringae pv tomato DC3000 and DC3000
avrRpm1, and Peris rapae), abiotic (oxidative stress and wounding) and hormonal
(salicylic acid, methyl jasmonate, ethylene and abscisic acid) stresses. Among the 1554
B. cinerea up-regulated genes, 24%, 1.4% and 14% were commonly induced by biotic,
abiotic and hormonal treatments respectively. Similarly, about 18%, 2.5% and 22% of
B. cinerea down-regulated genes were commonly repressed by these stress groups.
WRKY33 transcription factor was previously reported for its resistance to B. cinerea.
In this study, Arabidopsis WRKY33 over-expression and mutant lines were compared
for their response to B. cinerea infection. The wrky33 mutant plants showed altered
susceptibility, whereas the 35S:WRKY33 overexpression plants showed resistance to
B. cinerea. The expression profile of 12-oxo-phytodienoic acid and phytoprostane A1treated Arabidopsis plants in response to B. cinerea showed that cyclopentenones can
also modulate WRKY33 regulation upon inoculation with B. cinerea. These results
support the role of electrophilic oxylipins in mediating plant responses to B. cinerea
infection through the TGA transcription factor. Results obtained from the
metatranscriptomic and in silico gene analyses revealed the involvement of RAP2.4
(related to AP2.4) in plant immunity. Arabidopsis rap2.4 T-DNA insertion mutant
lines exhibited increased resistance to B. cinerea. This is the first report to uncover the
role of RAP2.4 in plant defense against B. cinerea. This will pave the way to producing
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crops with less use of chemical pesticides and will provide a basis for breeding
programs to increase tolerance and improve yield performance in crops.
Keywords: Arabidopsis, Botrytis cinerea, expression profiling, plant defense
response, microarray, transcriptome.
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)Title and Abstract (in Arabic

ﻛﺸﻒ ﻣﻼﻣﺢ اﻟﺘﻌﺒﯿﺮ واﻟﺘﺤﻠﯿﻞ اﻟﻄﻮري ﻋﻦ وﺟﻮد ﺷﺒﻜﺎت ﺗﻨﻈﯿﻤﯿﺔ ﻣﻌﻘﺪة ﺗﺸﺎرك ﻓﻲ
اﺳﺘﺠﺎﺑﺔ ﻧﺒﺎت اﻷراﺑﯿﺪوﺑﯿﺲ ﻟﻠﻀﻐﻮط اﻟﺤﯿﻮﯾﺔ واﻟﻼﺣﯿﻮﯾﺔ واﻟﮭﺮﻣﻮﻧﯿﺔ
اﻟﻤﻠﺨﺺ

ﺗﺸﻜﻞ ﻋﻮاﻣﻞ اﻹﺟﮭﺎد اﻟﺤﯿﻮﯾﺔ واﻟﻼﺣﯿﻮﯾﺔ ﺗﮭﺪﯾﺪات ﺛﺎﺑﺘﺔ ﺧﻼل اﻟﻤﺮاﺣﻞ اﻟﻤﺨﺘﻠﻔﺔ ﻣﻦ دورة ﺣﯿﺎة
اﻟﻨﺒﺎت .وﻟﻜﻲ ﯾﺘﺠﺎوز اﻟﻨﺒﺎت ھﺬه اﻟﻀﻐﻮطﺎت ﯾﺤﺘﺎج إﻟﻰ ﺷﺒﻜﺔ ﻣﻌﻘﺪة ﻣﻦ اﻹﺷﺎرات اﻟﺤﯿﻮﯾﺔ
اﻟﻤﺮﺗﺒﻄﺔ ﺑﺎﻟﻌﻤﻠﯿﺎت اﻟﻔﺴﯿﻮﻟﻮﺟﯿﺔ واﻟﺠﺰﯾﺌﯿﺔ .ﺑﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ " "Botrytis cinereaھﻲ ﻧﻮع ﻣﻦ
ﺴﺒﺐ ﻣﺮض اﻟﻌﻔﻦ
اﻟﻔﻄﺮﯾﺎت اﻟﻀﺎرة اﻟﺘﻲ ﺗﻌﺘﺒﺮ ﺛﺎﻧﻲ أھﻢ اﻟﻤﺴﺒﺒﺎت ﻟﻸﻣﺮاض اﻟﻨﺒﺎﺗﯿﺔ واﻟﺬي ﯾ ً
اﻟﺮﻣﺎدي ﻓﻲ اﻟﻌﺪﯾﺪ ﻣﻦ اﻟﻤﺤﺎﺻﯿﻞ اﻟﺰراﻋﯿﺔ .ﺑﻐﺾ اﻟﻨﻈﺮ ﻋﻦ اﻟﺒﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ ،ﻓﺈن اﻟﻌﺪﯾﺪ ﻣﻦ
اﻟﻀﻐﻮط اﻟﺤﯿﻮﯾﺔ واﻟﻼﺣﯿﻮﯾﺔ واﻟﮭﺮﻣﻮﻧﯿﺔ ﻟﮭﺎ آﺛﺎر ﺿﺎرة ﻋﻠﻰ ﻧﻤﻮ وإﻧﺘﺎﺟﯿﺔ اﻟﻨﺒﺎت .ﺗﮭﺪف ھﺬه
اﻟﺪراﺳﺔ إﻟﻰ ﺗﺤﺪﯾﺪ اﻟﻤﻜﻮﻧﺎت اﻟﻮراﺛﯿﺔ اﻟﺸﺎﺋﻌﺔ أﺛﻨﺎء اﻻﺳﺘﺠﺎﺑﺔ ﻟﻺﺟﮭﺎد وﻣﻌﺮﻓﺔ دور اﻟﺠﯿﻨﺎت
اﻟﻤﻌﺒﺮة ﻋﻨﮭﺎ ،وﺑﺎﻷﺧﺺ اﻟﺠﯿﻨﺎت اﻟﻤﻤﺮﺿﺔ ﻓﻲ اﻟﻨﺎﺟﻤﺔ ﻋﻦ ﺗﺄﺛﯿﺮ ﻓﻄﺮ اﻟﺒﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ .ﺗﻢ
ﺗﺤﻠﯿﻞ ﺑﯿﺎﻧﺎت اﻟﺘﻌﺒﯿﺮ أو اﻟﻨﺴﺦ اﻟﺠﯿﻨﻲ ﻟﻠﺘﻌﺮف واﻟﻤﻘﺎرﻧﺔ ﺑﯿﻦ اﻟﺠﯿﻨﺎت اﻟﻤﻌﺒﺮة وﻛﯿﻔﯿﺔ اﺳﺘﺠﺎﺑﺘﮭﺎ
ﻟﻠﻀﻐﻮط اﻟﺤﯿﻮﯾﺔ واﻟﻼﺣﯿﻮﯾﺔ واﻟﮭﺮﻣﻮﻧﯿﺔ .وﻣﻊ ارﺗﻔﺎع اﻟﺘﻌﺒﯿﺮ اﻟﺠﯿﻨﻲ ﻠ  ۱٤٤٥ﺟﯿﻦ ،وﺟﺪ أن
 ٪۲٤و ٪٤.۱و ٪۱٤ﺗﻢ ارﺗﻔﺎع اﻟﺘﻌﺒﯿﺮ اﻟﺠﯿﻨﻲ ﺑﺴﺒﺐ اﻟﻀﻐﻮط اﻟﺤﯿﻮﯾﺔ واﻟﻼﺣﯿﻮﯾﺔ واﻟﮭﺮﻣﻮﻧﯿﺔ،
ﻋﻠﻰ اﻟﺘﻮاﻟﻲ .وﺑﺎﻟﻤﺜﻞ ،ﺗﻘﺮﯾﺒﺎ ً  ٪۱۸و ٪٥.۲و ٪۲۲ﻣﻦ اﻟﺠﯿﻨﺎت اﻟﺘﻲ ﻗﻞ ﺗﻌﺒﯿﺮھﺎ ﺑﺸﻜﻞ ﻋﺎم اﺳﺘﺠﺎﺑﺔ
ﻟﮭﺬه اﻟﻀﻐﻮط WRKY33 .ﺗﻢ دراﺳﺔ ﻣﻘﺎوﻣﺘﮫ ﻟﻨﺒﺎت اﻟﺒﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ ﻋﻠﻰ أﺣﺪى ﻋﻮاﻣﻞ اﻟﻨﺴﺦ
 .WRKY33ﺗﻤﺖ ﻓﻲ ھﺬه اﻟﺪراﺳﺔ اﻟﻤﻘﺎرﻧﺔ ﺑﯿﻦ ﻧﺒﺎت اﻷراﺑﯿﺪوﺑﺴﯿﺲ اﻟﻤﻌﺒﺮ ﻟﻌﺎﻣﻞ اﻟﻨﺴﺦ WRKY33

وﻧﺒﺎت اﻷراﺑﯿﺪوﺑﺴﯿﺲ اﻟﺤﺎﻣﻞ ﻟﻠﻄﻔﺮة اﻟﺠﯿﻨﯿﺔ  wrky33وﻛﯿﻔﯿﺔ اﺳﺘﺠﺎﺑﺘﮭﻤﺎ ﻟﻔﻄﺮ اﻟﺒﻮﺗﺮاﯾﺘﺲ
ﺳﯿﻨﯿﺮﯾﺎ .أظﮭﺮ اﻟﻨﺒﺎت اﻟﺤﺎﻣﻞ ﻟﻠﺘﻌﺒﯿﺮ اﻟﺠﯿﻨﻲ  wrky33اﺳﺘﺠﺎﺑﺔ ﺗﺤﺴﺴﯿﺔ ،ﻓﻲ ﺣﯿﻦ أظﮭﺮ اﻟﻨﺒﺎت
اﻟﺤﺎﻣﻞ ﻟﻠﺘﻐﯿﺮ اﻟﺠﯿﻨﻲ  35S:WRKY33ﻣﻘﺎوﻣﺔ ﻟﻨﻔﺲ اﻟﻔﻄﺮ .ﻛﻤﺎ وأظﮭﺮ اﻟﺘﻌﺒﯿﺮ اﻟﺠﯿﻨﻲ أن ﻧﺒﺎت
اﻷراﺑﯿﺪوﺑﺴﯿﺲ اﻟﻤﺼﺎب ﺑﺎﻟﺒﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ واﻟﻤﻌﺎﻟﺞ ﺒ

12-oxo-phytodienoic acidو

 phytoprostane A1أن  cyclopentenonesﯾﺴﺘﻄﯿﻊ اﻟﺘﺤﻜﻢ ب  .WRKY33ﺗﺪﻋﻢ ھﺬه اﻟﻨﺘﺎﺋﺞ دور
أوﻛﺴﯿﻠﯿﺒﯿﻨﺎت اﻹﻟﻜﺘﺮوﻓﯿﻠﻲ " "electrophilic oxylipinsﻓﻲ ﺗﺤﻔﯿﺰ اﺳﺘﺠﺎﺑﺎت اﻟﻨﺒﺎت ﺿﺪ اﻹﺻﺎﺑﺔ
ب ﻟﻔﻄﺮ اﻟﺒﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ ﻋﻦ طﺮﯾﻖ ﻋﺎﻣﻞ اﻟﻨﺴﺦ اﻟﺠﯿﻨﻲ  .TGAھﺬا وﻛﺸﻔﺖ اﻟﻨﺘﺎﺋﺞ اﻟﺘﻲ ﺗﻢ
اﻟﺤﺼﻮل ﻋﻠﯿﮭﺎ ﻋﻦ طﺮﯾﻖ ﺗﺤﻠﯿﻞ اﻟﺠﯿﻨﺎت ﺑﺎﻟﻤﯿﺘﺎﺗﺮاﻧﺴﻜﺮﯾﺒﺘﻮﻣﯿﻚ أن ﺟﯿﻦ اﻠ RAP2.4ﻟﮫ دور ﻛﺒﯿﺮ
ﻓﻲ ﻣﻨﺎﻋﺔ اﻟﻨﺒﺎت .ﻟﻘﺪ أظﮭﺮ ﻧﺒﺎت اﻷراﺑﯿﺪوﺑﺴﯿﺲ اﻟﺤﺎﻣﻞ ﻟﻠﻄﻔﺮة  rap2.4 T-DNAﺗﺰاﯾﺪا ﻓﻲ ﻣﻘﺎوﻣﺔ

x

ﻓﻄﺮ اﻟﺒﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ ﻣﻊ اﻧﺨﻔﺎض أﻋﺮاض اﻟﻤﺮض و ﻧﻘﺺ ﻧﻤﻮ اﻟﻌﻮاﻣﻞ اﻟﺴﻤﯿﺔ ﻓﻲ اﻟﻨﺒﺎت.
ﺗﻜﺸﻒ ھﺬه اﻟﺪراﺳﺔ وﻷول ﻣﺮة ﻋﻦ دور  RAP2.4ﻓﻲ ﻣﻨﺎﻋﺔ اﻟﻨﺒﺎت ﺿﺪ ﻓﻄﺮ اﻟﺒﻮﺗﺮاﯾﺘﺲ ﺳﯿﻨﯿﺮﯾﺎ.
ﺳﺘﻤﮭﺪ ھﺬه اﻟﺪراﺳﺔ اﻟﻄﺮﯾﻖ ﻹﻧﺘﺎج ﻣﺤﺎﺻﯿﻞ زراﻋﯿﺔ ﻣﻊ اﺳﺘﺨﺪام أﻗﻞ ﻟﻠﻤﺒﯿﺪات اﻟﻜﯿﻤﯿﺎﺋﯿﺔ واﻟﺬي
ﺑﺪوره ﺳﯿﻮﻓﺮزﯾﺎدة ﻓﻲ ﺗﺤﺴﯿﻦ اﻻﻧﺘﺎج ﻋﻦ طﺮﯾﻖ اﻟﺒﺮاﻣﺞ اﻟﺰراﻋﯿﺔ اﻟﮭﺠﯿﻨﺔ اﻟﻤﺴﺘﻘﺒﻠﯿﺔ.
ﻣﻔﺎھﯿﻢ اﻟﺒﺤﺚ اﻟﺮﺋﯿﺴﯿﺔ :أراﺑﯿﺪوﺑﺴﯿﺲ ،ﺑﻮﺗﺮﯾﺘﯿﺲ ﺳﯿﻨﯿﺮا ،اﻟﺘﻌﺒﯿﺮ اﻟﺠﯿﻨﻲ ،ردة اﻟﻔﻌﻞ اﻟﺪﻓﺎﻋﯿﺔ ﻓﻲ
اﻟﻨﺒﺎت ،ﻣﯿﻜﺮوأري  ،ﻟﺘﻌﺒﯿﺮ اﻟﻨﺴﺦ اﻟﺠﯿﻨﻲ.
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Chapter 1: Introduction
1.1 Overview
In their lifetime, plants are often challenged with more than one environmental
stress, which occur simultaneously or in succession. Such stress can be classified into
biotic (caused by living organisms) and abiotic (caused by non-living factors).
Depending on the type of stress, plants adjust themselves to activate resistance
pathways attained by the regulation of gene expression (Alcazar & Parker, 2011). In
general, plants that are exposed to abiotic stress conditions gain resistance to
pathogens, known as cross-tolerance (Bowler & Fluhr, 2000). On the other hand,
generally, plants that are exposed to biotic stresses become more sensitive to abiotic
stresses. This indicates that there is a crosstalk in plant responses to the biotic and
abiotic stresses, which occur at the level of signaling pathways modulated by the plant
upon stress(es). Upon environmental stresses, plants undergo multiple steps to obtain
resistance/tolerance by regulating defense signaling pathways. Thus, hormones play a
major role in the plant’s survival under these stresses.
1.1.1 The model plant, Arabidopsis thaliana
All experiments conducted in this thesis used the plant Arabidopsis thaliana.
This plant is a small flowering plant that is widely used as a model organism in the
field of plant biology. It belongs to the taxonomic family of the Brassicaceae family
which includes cultivated species such as cabbage and radish (Kramer, 2015). This
plant has been used as a model plant from the mid of 1980s. The availability of various
information and tools such as whole genome sequence, molecular genetic markers,
large collection of sequence-indexed DNA insertion mutants and the easiness of
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generating transgenic plants made it widely used as a model plant. Also the short
generation time, ability to produce higher number of seeds per plant, comparatively
small size, and the small genome size (~140 MB) also makes it an easy to use plant
for complex studies. The major studies using this plant so far includes: Disease
resistance, environmental response, plant hormone response etc. (Koornneef &
Meinke, 2010).
1.1.2 Botrytis cinerea is a necrotrophic fungal pathogen
Botrytis cinerea is a necrotrophic pathogen, which is considered as one of the
most important post-harvest pathogens affecting fresh fruits and vegetables
(Williamson et al., 2007). This fungus feeds on dead tissues of plants in order to
complete its life cycle. It causes gray mold disease in more than 500 plant species (Hua
et al., 2018). Under favorable environment conditions, such as high humidity and
warm temperature (between 18-24°C), spores of B. cinerea can grow and develop.
Melanized sclerotium allows B. cinerea to survive for years in the soil. Sclerotia and
asexual conidiospores contribute to the widespread infection of the pathogen
(Amselem et al., 2011). Although low pH is preferred by the gray mold to perform
well, this fungus can acidify its environment by secreting organic acids, such as oxalic
acid, which helps in the enhancement of cell wall degrading enzymes, inhibition of
plant-protection enzymes, deregulation of stomatal closure and pH signaling
facilitating the pathogenesis of B. cinerea (Morgan, 1984).
The economic impact caused by this pathogen makes it widely studied. It is
estimated that, the annual economic losses caused by B. cinerea ranges between US
dollars 10-100 billion worldwide (Weiberg et al., 2013). B. cinerea falls under the
family Sclerotiniaceae. The fungus is usually referred to by its anamorph (asexual
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form) name, because the sexual phase is rarely observed. The teleomorph (sexual
form) is an ascomycete, Botryotinia fuckeliana, also known as Botryotinia cinerea
(Tenberge, 2007).
B. cinerea is able to counteract a vast range of plant defense chemicals. Upon
infection, B. cinerea releases enzymes such as cutinases and lipases. These enzymes
help in the penetration of the plant cell wall. Cellulases and hemicellulases are also
produced to decompose the plant cell walls (Hua et al., 2018). Once penetrated, it
produces wide arrays of chemicals/toxins such as botrydial and oxalic acid that cause
host death (Colmenares et al., 2002). Programmed cell death, which is effective for
biotrophic pathogens, can be of huge benefits to B. cinerea as it feeds on dead tissues.
This fungal pathogen is also capable of suppressing the host immunity by producing
small-RNA molecules that cause gene silencing (Williamson et al., 2007; Weiberg et
al., 2013). In general, B. cinerea is difficult to control, because this “nasty” fungus
uses multiple strategies of attack on many host plants. Chemical control is partially
effective and has to be repeatedly applied, thus, the use of these fungicides makes crop
products unsafe to humans (Williamson et al., 2007). As a result, the adoption of
genetic approaches makes gray mold disease management caused by B. cinerea more
adaptive.
1.2 Relevant Literature
Plants are immobile organisms convicted to face numerous environmental
stresses during their lifetime. Biotic and abiotic stresses often occur suddenly and/or
simultaneously, and immediate plant responses are, therefore, critical to ensure cell
survival (Shao et al., 2007). A fundamental strategy for plants to adapt to
environmental challenges imposed by biotic and abiotic threats is the modulation of
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gene expression. At the cellular level, plants tune gene expression along with their
physiological needs to promote adaptation to short- and long-term environmental
changes. There is a growing evidence that plants reprogram their responses under
continuously changing environmental factors individually, or more frequently, in
combination. Depending on the environmental conditions encountered, plants activate
a specific program of gene expression (Fujita et al., 2006). Response specificity is
further controlled by a range of molecular mechanisms that crosstalk in a complex
regulatory network, including transcription factors (TFs), kinase cascades, reactive
oxygen species (ROS), heat shock factors (HSFs) and small RNAs that may interact
with each other (Atkinson & Urwin, 2012). The interaction between biotic and abiotic
stresses is orchestrated by hormone and non-hormone signalling pathways that may
regulate one another positively or negatively. In response to environmental stress, gene
expression studies found that disease resistance-related genes in Arabidopsis could be
induced or repressed by abiotic stresses (Sham et al., 2014; 2015).
Pathogen-related stress falls under the category of biotic stresses. According to
their mode of nutrition, plant pathogens are divided into biotrophs, hemi-biotrophs and
necrotrophs. Biotrophic pathogens, such as viruses, nematodes and some bacteria and
fungi, invade plant tissue with minimal damage to the host cells and keep the plant
surviving to complete their life cycle. On the other hand, necrotrophic pathogens
invade and kill their hosts, such as B. cinerea and Alternaria brassicicola (Wolpert et
al., 2002). Hemi-biotrophs, such as Pseudomonas syringae, parasite in living tissues
for a period then switches their life cycle on dead tissues (initial stages as a biotroph,
then switches to become a necrotroph). B. cinerea causes “grey mold” disease, which
results in significant pre- and post-harvest crop losses, under a wide range of
conditions, even at low temperatures (Laluk & Mengiste, 2010). Interestingly, no host-
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specific toxins have been identified in B. cinerea. However, botrydial, a non-hostspecific toxin (NHST), was isolated from B. cinerea cultures and plant tissues infected
by B. cinerea (Colmenares et al., 2002). Together, these factors may contribute to the
ability of B. cinerea to infect diverse hosts.
There are several hormones or chemical messengers produced by plants, also
known as phytohormones, that regulate and coordinate cellular activities (Checker et
al, 2018). Plant response to biotic stresses is initiated by some vital hormones. Some
of these hormones are salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) (Li
et al., 2019). Recent studies have shown that other hormones such as Abscisic acid
(ABA), auxin, gibberellic acid, cytokinin, brassinosteroids and peptidal hormones are
also involved in plant defense signalling pathways (Bari & Jones, 2009; Laluk et al.,
2011a; AbuQamar et al., 2013). However, in some cases, the microbial pathogens
manipulate plant hormonal balance by producing phytohormones. As a result,
inappropriate defense responses can be activated (Bari & Jones, 2009). Genetic studies
in Arabidopsis and tomato implicate JA and ET as regulators of defense responses to
pathogens and abiotic stresses (Thomma et al., 1999). Systemic induction of the plant
defensin gene, PDF1.2, requires ET and JA and its activation has been implicated in
resistance to B. cinerea and A. brassicicola (Penninckx et al., 1998). Arabidopsis and
tomato mutants perturbed in ET or JA signalling pathway are susceptible to B. cinerea
(Thomma et al., 1999; Diaz et al., 2002). Exogenous treatment of plants with ET or
methyl-JA (MeJA) reduced the level of rot caused by B. cinerea in Arabidopsis plants
(Thomma et al., 1999) suggesting a major role of ET and JA in B. cinerea resistance.
AbuQamar et al. (2013) have shown that the expansin-like A2 (EXLA2) gene is
involved in defense against B. cinerea and in tolerance to abiotic stresses. The
induction of EXLA2 is dependent on ABA responses, but its expression is suppressed
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by the exogenous cyclopentenone phytoprostane A1 (PPA1) application (Mueller et al.,
2008; AbuQamar et al., 2013). It has been reported that the negative regulation of
WRKY57, which is depended on the JA signaling pathway, enhanced resistance of
Arabidopsis against B. cinerea infection (Jiang & Yu, 2016). Another study identified
receptor proteins as the prime factor in regulating the crosstalk between biotic and
abiotic signaling. The TFs, acting as positive and negative regulators of plant defense,
also play a significant role in fine-tuning responses to combined biotic and abiotic
stresses (Nejat & Mantri, 2017). THESEUS1 (THE1), a member of the Catharanthus
roseus RLK1-like (CrRLK1L) kinase family, interacts with guanine exchange factor 4
(GEF4) and both proteins play regulatory roles in plant resistance to B. cinerea (Qu et
al., 2017). THE1 could function as an upstream regulator of GEF4 signaling in
Arabidopsis defense against B. cinerea. Molecular and genetic studies revealed that
ABA negatively may influence defense to B. cinerea B05.10 strain affecting JA/ET
and SA levels. Susceptibility/resistance was determined by the antagonistic effect of
ABA on JA, and this crosstalk requires suppression of WRKY33 at early infection
stages. This indicates that B. cinerea B05.10 promotes disease by suppressing
WRKY33-mediated host defenses (Liu et al., 2017). It was also reported that,
WRKY33 positively regulates the camalexin biosynthesis gene PAD3 and the overexpression of this gene in Arabidopsis shows enhanced resistance to B. cinerea
(Birkenbihl et al., 2012; Liu et al., 2015). As a result of the B. cinerea infection, MPK4
(MAP kinase 4) is activated and then phosphorylates MKS1, which then releases
WRKY33 from MPK4 and resulting in the upregulation of PAD3 (Qiu et al., 2008).
Other than the MAPK cascades, Arabidopsis histidine kinase 5 (AHK5) also was
reported to regulate the resistance of B. cinerea resistance which shows that twocomponent systems are associated with plant defense regulation to pathogens mostly
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by transcriptional regulation (Pham et al., 2012). The plant in general attains various
defense mechanisms against B. cinerea infection.
1.2.1 Pathogenesis of necrotrophic pathogens
The disease-causing mechanism of necrotrophic pathogens are dependent on
the production of low molecular weight host specific or host-non-specific phytotoxins.
Depending on the plant and the pathogen species, the plant resistance to necrotrophs
may vary. Some necrotrophic pathogens have similar pathogenesis strategies such as
for B. cinerea and Sclerotia sclerotiorum. Host cell death during colonization are
induced by necrotrophic fungi by secretion of toxins (Colmenares et al., 2002) or
reactive oxygen intermediates (ROI) generation in toxic levels in host tissue
(Muckenschnabel et al., 2002). A variety of mechanisms are employed by necrotrophic
fungi to overcome host plant defense responses by either interfering with the activation
of the response or negating its effect. Pathogenesis is achieved through inducing cell
death and tissue maceration by toxins irrespective of their specificity. Toxins that are
toxic only to the hosts of the pathogen and show little or no toxicity against nonsusceptible plants are known as Host-selective toxins (HSTs) (Wolpert et al., 2002).
Many necrotrophs produce HSTs and have a limited host range, such as Cochliobolus
heterostrophus, C. carbonum, C. victoriae, Alternaria alternata, Periconia circinata
etc. Whereas toxins that affect a wide range of host plants and contribute to the
development of the disease caused by the pathogen in natural host or non-host plants
are the Non-host-selective toxins (NHSTs) (Agrios, 1997; Laluk & Mengiste, 2010).
Necrotrophic fungal pathogens that exhibit broad host range are Molinia fructicola, S.
sclerotiorum and B. cinerea. Consistent with its wide host range, no HSTs have been
identified for B. cinerea. However, botrydial, has been indicated to be a pathogenicity
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factor, which is a NHST 3 isolated from B. cinerea and plant tissue infected by B.
cinerea (Colmenares et al., 2002). A possible mechanism for the wide host range of B.
cinerea could be the exogenous application of botrydial, producing severe chlorosis
and cell collapse enabling fungal penetration and colonization of plant tissue.
1.2.2 Plant defense response pathways
Depending on the nature of the pathogen, plant resistance to pathogens that is
regulated through various active defense response mechanisms can vary. Many plantbiotrophic pathogen interactions exhibit gene-for-gene interaction as a form of
resistance (Dodds & Thrall, 2009). Other induced resistance responses include those
mediated by the phytohormones, SA, JA, ET and ABA. These general induced
signalling pathways such as systemic acquired resistance (SAR), JA/ET-mediated
resistance and induced systemic resistance (ISR), interact in various ways (Kunkel and
Brooks, 2002). Defense pathways, non-host resistance and basal resistance mediated
by microbe-associated molecular patterns (MAMPs), mediate resistance to different
pathogens including B. cinerea.
The plant’s defense response mechanism against B. cinerea is illustrated below
(Figure 1) (AbuQamar et al., 2017). Polygalacturonases (PGs) and chitin function as
pathogen derived MAMPs, while oligo-galacturonides (OG) act as host damageassociated molecular patterns (DAMPs) during B. cinerea attack. DAMPs are
perceived by wall-associated kinase 1 (WAK1) which is a receptor-like kinase,
whereas MAMPs are perceived by chitin elicitor receptor kinase (CERK1), LysM
domain-containing glycosylphosphatidylinositol-anchored protein 2 (LYM2) (RLKs)
and Responsiveness to Botrytis polygalacaturonases 1 (RPBG1) which is a receptor
like proteins (RLPs). These RLKs and RLPs associated with BR insensitive1-
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associated receptor kinase1 (BAK1) and suppressor of BIR1 (SOBIR1) (Leucine-rich
repeat-RLKs) and/or Botrytis-induced kinase1 (BIK1) (receptor-like cytoplasmic
kinases (RLCKs)) transduce a signal to MAPK-dependent and/or -independent
cascades. MAPK kinase kinases (MKKs) phosphorylate MKK4/5 (MAPKKs) which
in turn phosphorylate MPK3/4/6 (MAPKs). MAPKs are important to activate OGinducible genes. In addition, MPK4 activates WRKY33 and phosphorylates MPK4WRKY33-MKS1 (MAPK substrate 1) complex, thereby upregulating genes involved
in camalexin biosynthesis. ET and JA have synergistic effects in regulation of plant B.
cinerea resistance. ET is recognized by ethylene receptor 1 (ETR1) and stabilizes
Ethylene insensitive 3 (EIN3). JA targets JA-Zim domain (JAZ) repressor for
degradation, consequently activating JA/ET-related defense genes downstream of
EIN3. SA negatively regulates this transcriptional cascade. ABA decreases resistance
to B. cinerea via reduction of nitric oxide production and suppresses both reactive
oxygen species (ROS) and ET production (AbuQamar et al., 2017).
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Figure 1: Schematic model of defense response to B. cinerea infection in Arabidopsis
Plant defense response mechanisms in Arabidopsis against B. cinerea (AbuQamar et
al., 2017). PGs: polygalacturonases; MAMPs: microbial associated molecular
patterns; OGs: oligogalacturonides; DAMPs: damage-associated molecular patterns;
B. cinerea: Botrytis cinerea; WAK1: wall-associated kinase 1; RLK: receptor-like
kinase; CERK1: chitin elicitor receptor kinase1; LYM2: LysM domain-containing
glycosylphosphatidylinositol-anchored protein 2; RPBG1: responsiveness to Botrytis
polygalacaturonases1; RLPs: receptor-like proteins; BAK1: BR insensitive1associated receptor kinase1; SOBIR1: suppressor of BIR1; LRR-RLKs: leucine-rich
repeat RLKs; BIK1: Botrytis-induced kinase1; RLCKs: receptor-like cytoplasmic
kinases; MAPK: mitogen activated protein kinase; MAPKKKs: MAPK kinase
kinases; MAPKKs: MAPK kinases; MKS1: MAPK substrate 1; ET: ethylene; JA:
jasmonate; ETR1: ethylene receptor1; EIN3: ethylene insensitive 2; JAZ: JA-Zim
domain; SA: salicylate; ABA: abscisic acid; NO: nitric oxide. Solid and dotted arrows
represent direct and indirect activations, respectively. Prohibition signs indicate
inhibition (AbuQamar et al., 2017).

11
1.3 Statement of the Problem
Many researchers have studied the plant defense molecular mechanism on
individual stresses. In nature, plants are challenged with various stresses
simultaneously. The response of a plant to individual stress differs from that to when
affected by multiple stresses. Some studies demonstrated that there are specific
pathways regulating plant responses to each individual stress, while others have shown
that there is some coordination among plant responses to biotic and abiotic stresses. A
comparative study of the interactions involving multiple stresses, hence will provide
an insight to unlock the molecular pattern shared by different stresses.
The necrotrophic fungus, B. cinerea, is considered one of the topmost diseasecausing plant pathogens affecting around ~500 crop varieties, which includes wine
grape, tomato, strawberry and others. It causes a disease known as grey mold. In
addition, the ability of this pathogen to counteract against a wide range of plant defense
chemicals made it a deadly disease-causing fungus. The broad host-range, various
attack modes and the asexual and sexual stages to survive in favorable conditions
makes this pathogen very difficult to control. Along with B. cinerea infection, plants
are exposed to other types of environmental stresses. Hence it is important to rule out
a possible way to ensure plant resistance against this pathogen and possibly other
stresses. Genetic approach is considered as the efficient way to control plant defense
mechanism against B. cinerea, which in turn helps the plant to obtain resistance against
different environmental stresses.
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1.4 Hypothesis and Objectives
Here, I hypothesize that plant response to biotic, abiotic and hormonal stresses
shows a shared genetic regulation and is controlled by an array of prominent expressed
genes. The overall objective of this research is to identify novel regulated genes of the
plant defense response to B. cinerea, biotic (A. brassicicola, Peris rapae and P.
syringae), abiotic (oxidative stress and wounding), and hormonal (SA, JA, ET and
ABA) stresses, and to determine the function of the identified genes and elucidate their
relationship with other disease resistance and stress response pathways. The specific
objectives of this research are:
1.4.1 To determine the genes that are up-/down-regulated in response to B.
cinerea, other biotic, abiotic and hormonal stresses
Expression profiles of B. cinerea-inoculated and various environmental
stresses, including the fungal pathogen (B. cinerea) and other biotic stresses such as
the fungal pathogen (A. brassicicola), the herbivore insect (P. rapaer), and the hemibiotrophic pathogen (P. syringae pv. tomato); abiotic stresses such oxidative stress and
wounding; and the hormones, SA, JA, ET and ABA were downloaded from publicly
available database. Inoculated/stressed Arabidopsis wild-type plants (Wt) compared to
mock-inoculated or non-stressed plants are to identify genes involved in host responses
to B. cinerea and environmental stresses, respectively. The expression of Arabidopsis
genes in B. cinerea-non-infected and -infected plants at 18 hours post inoculation (hpi)
or in response to other environmental or hormonal stresses and non-stressed plants at
the same time point will be determined.
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1.4.2 To analyse and compare the environmental and hormonal stress-regulated
genes
Differentially expressed genes (DEGs) of Arabidopsis Wt plants to B. cinerea
and other classes of the environment- and hormonal-stressed will be compared. This
will identify common regulated genes involved in host responses to these
environmental stresses and determine the interaction between targeted regulated genes
with other defence and abiotic stress response pathways in order to link the expression
of inoculated-plants with B. cinerea vs. plants exposed to other stresses at the gene
expression level.
1.4.3 To identify the role of common genes regulated by environmental stresses
In order to study B. cinerea and all other biotic, abiotic and hormonal stresses
that are considered as up-/down-regulated genes; and to determine their role in
resistance to B. cinerea and/or other pathogens and tolerance to abiotic and hormonal
stresses.
The common DEGs identified from the microarray will have an impact on the
breeding programs, thereby being potential targets for genetic control of plant defense
against B. cinerea, other biotic, abiotic and hormonal stresses. This genetic approach
helps in reducing the use of chemical pesticides which are harmful for human health.
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Chapter 2: Microarray Analysis of Arabidopsis WRKY33 Mutants in
Response to the Necrotrophic Fungal Pathogen Botrytis cinerea
2.1 Introduction
Plant responses to necrotrophic fungi are complex and multigenic traits. They
often depend on plant species, pathogens and their virulence and signaling pathways
being involved (Glazebrook, 2005; Wolpert et al., 2002). A number of effectors and
microbe-associated molecular patterns (MAMPs) play important roles in determining
plant-pathogen interactions. High-throughput transcriptomic approaches such as
microarray are now commonly used to study the molecular mechanisms that control
plant responses to environmental stresses, hormonal signals and pathogens. B. cinerea
is among the top ten fungal pathogens that causes plant diseases and negatively affects
the agribusiness section for a wide range of crops (Dean et al., 2012). During the
pathogenesis, B. cinerea induces host cell death by producing toxins, cell wall
degrading enzymes and reactive oxygen intermediates (ROIs) (Prins et al., 2000;
Muckenschnabel et al., 2002; Wolpert et al., 2002). Although cell death and
accumulation of ROIs are associated with plant resistance to biotrophic pathogens
(Lamb & Dixon, 1997), the ROIs can also increase plant susceptibility to necrotrophs
(Govrin & Levine, 2000). In addition, the plant polygalacturonase-inhibiting proteins
counteract polygalacturonase which are important host colonizing factors for some
fungal pathogens (Ferrari et al., 2003). Although the cell wall and cuticle protect plants
against pathogen penetration or infection, Arabidopsis mutants defective in
components of the cell wall and cuticle were resistant to B. cinerea (Kurdyukov et al.,
2006; Chassot et al., 2007; AbuQamar et al., 2013). In fact, the cell wall and cuticle
are primary barriers against pathogen attacks that may decrease or enhance plant
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resistance to pathogens. For instance, a loss-of-function of the HISTONE
MONOUBIQUITINATION 1 (HUB1) gene, encoding an E3 ligase required for
histone H2B ubiquitination, reduces the cell wall thickness and increases the
susceptibility to B. cinerea and A. brassicicola (Dhawan et al., 2009).
Similarly, to animals, plants recognize elicitors derived from pathogens to
activate innate immune defense responses (Montesano et al., 2009). In contrast to racespecific elicitors or resistance genes described for biotroph plant interactions, plants
recognize a pathogen regardless of its lifestyle via MAMP that serve as general
elicitors (Jones & Dangl, 2006; Boller & Felix, 2009). Chitins and glucans are fungal
MAMPs that plants can recognize by pattern recognition receptors. The Arabidopsis
receptor kinases, FLS2 (flagellin sensing 2) and EFR (elongation factor Tu receptor),
independently recognize the bacterial flagellin (flg22) and elongation factor Tu (elf18)
epitopes, respectively, as MAMPs (Gomez-Gomez & Boller, 2000; Kunze et al., 2004;
Zipfel et al., 2006). Recognition of B. cinerea MAMPs activates plant innate immunity
system through mitogen activated protein kinase (MAPK)-based signaling cascades
(Ren et al., 2008; Pitzschke et al., 2009), suggesting that the MAMP signaling mediates
a conserved MAPK pathway and confers resistance to both bacterial and fungal
pathogens. In Arabidopsis, systemic acquired resistance (SAR) can also be initiated
upon MAMP recognition to induce defense responses (Mishina & Zeier, 2007). Plant
hormones also play crucial roles in triggering defense responses to pathogens. For
example, signaling pathways involving SA, ET, JA, ABA, auxin and gibberellins may
act independently, synergistically or antagonistically to confer the plants resistance
against diseases (Glazebrook, 2005; AbuQamar et al., 2006; Berrocal-Lobo & Molina,
2008; Koornneef & Pieterse, 2008; Llorente et al., 2008; Laluk et al., 2011a; 2011b).
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Even though genetic studies in Arabidopsis and tomato implicate that SAmediated responses and SAR are associated with resistance to biotrophic pathogens
(Govrin & Levine, 2000), JA and ET are key regulators of plant responses to
necrotrophic pathogens such as B. cinerea (Thomma et al., 1999; Diaz et al., 2002;
Glazebrook, 2005; AbuQamar et al., 2006; 2008). Recently, the cyclopentenone, 12oxo-hytodeniec acid (OPDA) and phytoprostanes, have been reported to accumulate
upon infection by various pathogens (Thoma et al., 2003; Block et al., 2005; Mueller
et al., 2008; AbuQamar et al., 2013; Sham et al., 2014; 2015). OPDA, a JA precursor,
is produced enzymatically from α-linolenic acid and forms JA and/or its conjugates by
OPDA reductase (OPR3) followed by three steps of ß- oxidation (Mueller, 1997).
Phytoprostanes, on the other hand, are produced nonenzymatically from α-linolenic
acid via a free radical-catalyzed pathway. Mutations in OPR3 and expansin-like A2
(EXLA2) genes can modulate gene expression through cyclopenteone/coronatine
insensitive 1 (COI1) independently from JA under biotic stress (Ribot et al., 2008;
AbuQamar et al., 2013). Yet, little is known about the role of electrophilic oxylipins,
OPDA or PPA1, in plant response to B. cinerea.
Nonetheless, gene expression profiling has been established in response to
necrotrophic pathogens in many plant species such as Arabidopsis and tomato (Schenk
et al., 2003; AbuQamar et al., 2006; Blanco et al., 2007; Windram et al., 2012; Segarra
et al., 2013; Sham et al., 2014; 2015; Smith et al., 2014). Previously, wrky33-1 and
wrky 33-2 were identified as Arabidopsis mutants with increased susceptibility to B.
cinerea and other necrotrophic pathogens (Zheng et al., 2006).
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2.2 Materials and Methods
2.2.1 Plant growth, disease assay and fungal growth
Arabidopsis wild-type, wrky33-1 mutant and 35S:WRKY33 overexpression
transgenic plants (Zheng et al., 2006) in Col-0 background were used in this study.
Seeds of the wrky33 mutant and 35S: WRKY33 overexpressing transgenic lines were
kindly provided by Dr. Tesfaye Mengiste and Dr. Zhixiang Chen, Purdue University
(West Lafayette, IN, USA). For disease assays, photos and qRT-PCR analysis,
detached leaves (five-week old plants grown in soil) were drop-inoculated with 3 μL
of B. cinerea spore suspension containing 3×105 spores mL-1. For percentage of
decayed plants experiment, whole plants (five-week-old) grown in soil were sprayinoculated with B. cinerea spore suspension containing of 3×105 spores mL-1, using a
Preval sprayer (Valve Corp., Yonkers, NY, USA). The spore suspension was prepared
as follows: B. cinerea strain BO5-10 was grown on 2 × V8 agar (36% V8 juice, 0.2%
CaCO3, 2% Bacto-agar) and then mycelium-containing agar was transferred to fresh 2
× V8 agar and incubated at 20–25˚C. Fungal spores (conidia) were then collected from
10-day-old B. cinerea cultures and used in the infection assays as previously described
(AbuQamar et al., 2006). After inoculation, detached leaves/plants were transferred
into a growth chamber and kept under a sealed transparent cover to maintain high
humidity at a fluorescent light intensity of 150 μE m-2 s-1; 8 h light/16 h dark and 21
± 2˚C temperature. Responses to B. cinerea infection were assayed at 0 and 24 hpi, or
otherwise stated. Plants were then visually and regularly examined at 1- and 3-days
post infection (dpi) and B. cinerea-decayed (rotten) plants were obtained at 2, 4 and 6
dpi.
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2.2.2 RNA extraction and expression analysis
RNA extraction and real time quantitative-PCR (qRT-PCR) expression
analyses were performed as described previously (AbuQamar et al., 2013; Lagrimini
et al., 1987). B. cinerea growth in inoculated plants was evaluated by qRT-PCR
analysis based on the levels of B. cinerea ActinA DNA at 1 and 3 dpi (Benito et al.,
1998; Van-Wees et al., 2003). The relative amplifications of B. cinerea-specific
ActinA (BcActinA) to that of the A. thaliana-specific Actin2 (AtActin2; At3G18780)
was determined (Bluhm & Woloshuk, 2005). Gene expression levels were analyzed
with qRT-PCR using gene-specific primers (Table 1) at 0 and 24 hours post
inoculation (hpi) with B. cinerea. The AtActin2 was used as an endogenous reference
for normalization. Expression levels were calculated by the comparative cycle
threshold method, and normalization to the control was performed as previously
described (Bluhm & Woloshuk, 2005).
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Table 1: List of primers (Sequence 5’ to 3’) used for qRT-PCR.
Description

Left primer sequence

Right primer sequence

AtActin2

GTCGTACAACCGGTATTGTGCTG

CCTCTCTCTGTAAGGATCTTCATGAG

BcActinA

ACTCATATGTTGGAGATGAAGCGCA

AATGTTACCATACAAATCCTTACGGA

At1g60730

AATATGGAATCAGGTATGCAGAGGG

GGCAACATCTACTCGCATTAAACTA

BAP1

CCCAACGAATGATTTCATGGGAAGG

TGACGATCCCACACTTATCACCAAA

GER5

TGGAACTGTCTATCTTTCGAATGCTC

ACCCTGTAGTAGCTCCAAGATTCTT

At5g25930

GAGAAGGAGTTTATTGCTGAAGTTG

AGCTTTGAATCTTCCCTTGAGATAC

CSLE1

CTGGCCTCTGTATAAAGGTATGTTG

GGTACAGGCAGATAAAGCTAAAACA

At4g24160

GGTCATTTTGTGTTCATAGACAACC

GAGTTGTTGATCATGAGAGGAGTCT

At3g44190

GACTTCTCCAGCGGTTAATATCAC

CATTGTGACCAGTAGCAATAACAAG

TolB-related

CAAAGTATCTAAATCCGACGGTTC

GTGTAGATTACATGACGCTCTGTTG

HSP70

GACCAAGCTATTGAATGGTTAGATG

ATAATAGGGTTGCAAAGAGACTCG

HSF4

GCTAGTTGATGATCATAGCACAGAC

GAAGATCTTTAGCAAACTCTGCTGT

UGT87A2

GGAGAGAGGAGATCAAGGAAGTAGT

GACTGATTTCACTAAGGTCACAAGC

CYP89A9

GAAGAGATCAGAGAAGAGGATTTGG

ATGGTAAGACAAGTAATGACCAGGA

CSLD5/SOS6

ATTCAGAGTGCGTTCTGAGCTATAC

TTTAGCATCTCGTCTTCTTCACTCT

CAX7

CCTGGTTGTTTGTTCTGTTCTACTT

TAGGAGACAGCTTCAAAACCTTAGA

NIT4

CATCAAATCTTCCCTGAGATTGAC

CGGGAGTATCGTAGAAGACTGTAGA

TI1

CTATCGTTTCCATCTTCGTTGTCT

GTATTCTTTCAAGCACTCGTTACCT

At4g20860

CTACTCCGACAAGAGAACAATTCC

GGGAATCTAGTGTATGAGTGGTGAG

CYP71B6

TACTCGTCCAAAGCTATCTATCACC

AGTTTCCGCACATCTCTGTAGTAAT

CAD1

ATGAGTTCTTCAGAGAGTGTGGAAA

TAACAGACCTGCGAGTGATAGTATG

MRP4

GATCAGACCAATGTCGATATCCTTA

CGTACTGGCAGGTAACTATGAAAAT

ANAC053

GACGAAGAACTCGTTCGTTACTATC

GGCTCAGATTTGTATACATCGGTAA

CYP72A8

GATACTACTTGGTCGAACCGTAGAG

GATGAACCATAAGAACAGGAATCAC

At1g13990

CAGGCTAGACCCAAAACTAAATTC

GGTCACAGTATCTAACAGCCTCATT

At5g03490

TGTTATTGTTGCCGGGAACTAAATC

AAGTCAAGTAGAGGAAGTAAGTGGC

RD2

TCTTCTTCGTCTCTCTGTGTGTGTA

GCATACAATACATTCATTCCTGAGC

At1g72900

TCAGGGTAACTACTTTGAAAGCCA

AGCAGAACCTTTTGCTTCTTGAGA

At4g30490

TACTACTAGGGTCACCGTCTCAGAT

CAGATATCACCAGTCATGAGTTCAC

PeptidaseC15

TTCAGAGAATCCTACTGAGAAGATAGC

CAAGAACACTACAGCTACCAAGACA

2.2.3 Sample preparation, microarray hybridization and data analysis
Five-week-old whole plants were spray-inoculated with B. cinerea spore
suspension containing 3×105 spores mL-1 in inoculation buffer using a Preval sprayer.
Control plants (mock) were sprayed with 1% Sabouraud maltose broth buffer, and then
kept in the same condition as the B. cinerea-inoculated plants, as described above. RNA
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samples used for array hybridizations were prepared from tissues infected with B.
cinerea with each sample containing the entire aboveground part of the inoculated plant
and collected at 0 and 24 hpi. Three technical replicates of RNAs were pooled for each
genotype per each time point for labeling and hybridization from three independent
biological replicates with three whole plants each. RNA quality was checked by running
an aliquot of 2-μg RNA solution on agarose gel. Sixty micrograms of the total RNAs
was purified using Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and used for
the subsequent experiments. cDNA synthesis, samples labeling, array hybridization,
scanning, and data processing were conducted as previously described (Zhu & Wang,
2000).
Affymetrix microarrays (Arabidopsis Genome ATH1 array) used in this study
were containing 22,810 total probe sets representing approximately 25,000 genes.
These samples are wild-type, wrky33 and 35S:WRKY33 plants inoculated with mock
(Wt-0; wrky33-0 and 35S: WRKY33-0) or B. cinerea (Wt-24; wrky33-24 and
35S:WRKY33-24). Data were analyzed using R software (https://www.r-project.org/)
with Affy and MAS5 packages for data analysis and normalization; Affy package for
quantifying signal intensity and MAS5 for the detection calls of each probe ID
displayed as Present ‘P’, Absent ‘A’ and Marginal ‘M’. Genes with expressions
labeled as ‘A’ or ‘M’ across all the samples were removed from the analysis. Log2transformed expression level data were used to generate scatter plots to detect the
effect of B. cinerea infection on plant gene expression. Comparisons of three
independent replicates for each set of experiments were performed. At each time
point, the overall gene expression difference between mock-inoculated (control) and
pathogen-inoculated samples of wrky33 mutant or 35S:WRKY33 overexpression and
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wild-type were determined by pairwise comparison. Normalized fold change for each
gene was calculated by dividing its expression level in B. cinerea- treated samples by
its expression level in the control (mock-treated samples). A twofold difference at P≤
0.05 was set as the threshold for considering a gene as to be B. cinerea induced genes
(BIGs) or B. cinerea repressed genes (BRGs). The cutoffs of the fold change and Pvalue were chosen to filter false positives and to compare our data analyses with those
in the micro- array literatures. BIGs or BRGs were considered to be WRKY33dependent if their average expression levels following B. cinerea inoculation in the
mutant (wrky33) or the overexpressing line (35S:WRKY33) vs. wild plant, were
twofold induced or repressed.
2.2.4 Statistical analysis
All experiments were repeated at least three times. Results were expressed as
means ± standard deviation (SD) of the number of experiments. Data of B. cinerea
growth in inoculated plants represent the mean ± SD from a minimum of 20 plants.
Analysis of variance and Duncan’s multiple-range test were performed to determine
the statistical significance, using the SAS system for windows release 9.0 (2002).
Mean values followed by an asterisk are significantly different from the
corresponding control (P ≤ 0.05).
The entire work-flow involved in identifying function of Arabidopsis WRKY33
in response to B. cinerea has been represented below (Figure 2).
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Figure 2: Schematic diagram showing the steps involved in identifying function of
Arabidopsis WRKY33 in response to B. cinerea

2.3 Results
2.3.1 B. cinerea infection in WRKY33 transgenic plants
The role of Arabidopsis WRKY33 gene in resistance to B. cinerea were
previously reported (Zheng et al., 2006). Although no visible symptoms were observed
when detached leaves were drop-inoculated with B. cinerea spores at one-day post
inoculation (dpi), lesions spread more rapidly in the wrky33 mutant than those in wild-

23
type or 35S:WRKY33 transgenic plants at 3 dpi (Figure 3a), which is in agreement with
previous observations (Zheng et al., 2006). We also noticed that the disease expanded
by day 5 of the fungal inoculation, resulting in clear necrotic and chlorotic lesions in
the mutant leaves; whereas disease lesions remained restricted in 35S:WRKY33 plants
at 5 dpi. In wild-type plants, lesions expanded until 5 dpi, with chlorosis surrounding
them. B. cinerea infections were confirmed in all Arabidopsis genotypes by qRT-PCR
using B. cinerea ActinA gene as a target amplicon. In the wrky33 mutants, disease
symptoms appeared more quickly than in wild-type plants.

Figure 3: Disease progress of mutant and overexpression plants to B. cinerea
(a) Disease symptoms in leaves after drop-inoculation with B. cinerea. (b) qRT-PCR
amplification of B. cinerea ActinA relative to Arabidopsis Actin2 gene, to determine
fungal growth in leaves after drop-inoculation. (c) Percentage of decayed plants after
spray-inoculation with B. cinerea. Plants were considered decayed when they were
completely rotten due to B. cinerea infection. Data represent the mean ± SE from a
minimum of 20 plants. Mean values followed by an asterisk is significantly different
from wild type at the tested time (P ≤ 0.05). Experiments were performed at least three
times. BcActinA, B. cinerea ActinA gene; AtActin2, Arabidopsis thaliana Actin2 gene;
dpi, days post inoculation.
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As expected, at 1 and 3 dpi, loss-of-function mutants accumulated a
significantly higher amount of fungal DNA than in the wild-type (Figure 3b). Under
favorable growth conditions, infection with B. cinerea continued to spread out and
infest the wrky33 mutant, while in the wild-type the infection was slower at all-time
points tested, resulting in 83% completely rotten mutant plants compared with 40% of
the wild-type when inoculated at 6 dpi (Figure 3c). When we tested the outcome of
overexpression of 35S: WRKY33 in transgenic plants infected with B. cinerea, we
found that the infection was effective at one dpi and the symptoms were less severe
than in the wild type at 3 dpi (Figure 3b, 3c). Moreover, the majority of the
overexpression lines survived at the same period of infection (Figure 3c), indicating
that the constitutive overexpression of WRKY33 gene enhanced resistance to B.
cinerea.
2.3.2 Differentially expressed Arabidopsis genes during B. cinerea infection
WRKY33 is highly induced upon B. cinerea infection (Zheng et al., 2006). The
development of disease symptoms in Arabidopsis wild type, wrky33 mutants and
ectopic overexpression plants were analyzed (Figure 3). We compared the gene
expression levels in these transgenic lines using Arabidopsis whole-genome
Affymetrix gene chip (ATH1) representing approximately 25,000 genes to identify
regulated genes by B. cinerea infection. Many BIGs and BRGs were identified.
Differentially expressed genes (DEGs) have been identified by comparing the
expression profiles of B. cinerea-inoculated and non-inoculated tissues (Figure 4a) at
0- and 24-hours post inoculation (hpi) in three Arabidopsis genotypes: Wt, wrky33-1
mutant and 35S:WRKY33 overexpression transgenic plants. The selected time point
(24 hpi) was used to compare differences in gene expression because most changes in
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gene expression occur between 18–30 hpi (AbuQamar et al., 2006; Windram et al.,
2012). Fold expression changes have been calculated by dividing the normalized gene
expression level of B. cinerea-infected sample by their corresponding controls (no
infection). In wild-type plants, we found 1660 BIGs and 1054 BRGs at 24 hpi
(Supplementary Data S1). Based on their functional similarities, we classified BIGs
and BRGs into distinct groups that suggest potential functional classifications
associated with Arabidopsis resistance to B. cinerea (Figure 4b, 4c).
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Figure 4: Scatter-plot comparison and functional classification of DEGs
(a) Normalized expression value for each probe set in wild-type plants infected with
B. cinerea at 24 hpi (Wt-24) is plotted on the Y-axis; the value in wild-type plants
sampled before B. cinerea treatment (0 hpi; WT-0) is plotted on the X-axis. Functional
classes of (b) BIGs; and (c) BRGs at 24 hpi compared with 0 hpi in wild type. Gene
identifications for 1660 BIGs and 1054 BRGs were entered for this analysis. Error bars
are SD. GO categories that a significantly over or underrepresented at P ≤ 0.05 are in
black text. Normalized frequency of genes to the number of genes on the microarray
chip was determined as described (Provart & Zhu, 2003).
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Among the regulated genes by B. cinerea, we found a number of genes
encoding known regulatory, developmental and structural proteins that have
previously been reported (AbuQamar et al., 2006; Sham et al., 2014; 2015). Most
BIGs and BRGs encode functional proteins involved in plant responses to stress
stimuli, signal transduction pathways, transport and energy pathways, metabolic and
biological processes (Figure 4b, 4c). The fraction of genes involved in kinase activities
was more prominent among the BIGs compared with the BRGs. A certain number of
BIGs and BRGs were without known functions. Notably, there were significant
differences in the number of genes that were upregulated in different cytoplasmic
components and in the cell wall (Figure 4b). Most of the BRGs encode enzymes (i.e.
hydrolyases, transferases), transporters and receptors that are highly involved in
cellular activities and localized in the plastids, membranes and cell wall. Altogether,
the expression levels of BIGs and BRGs in various subcellular locations is consistent
with the role of extracellular and intracellular components in plant response to B.
cinerea infection.
2.3.3 DEGs are dependent on Arabidopsis WRKY33
We determined the basal expression level of the early regulated genes selected
from wild-type samples altered in the transgenic plants. In the absence of the pathogen,
the expression of 171 genes were differentially expressed between the wild-type and
wrky33; of which 148 (86.6%) genes were at least twofold higher in wrky33 than in
wild-type samples (Figure 5a; Supplementary Data S2). By contrast, the expression of
23 (13.4%) genes were at least twofold lower in wrky33. Comparing the expression
profiles from non-infected plants revealed that 332 genes were differentially expressed
between the wild-type and 35S:WRKY33 lines, 251 (75.6%) of them were induced and
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81 (24.4%) were repressed (Figure 5a; Supplementary Data S2). This indicates that the
basal expression level of several genes is dependent on WRKY33.

Figure 5: Transcriptional reprogramming and scatter-plot comparisons of DEGs in
WRKY33 transgenic plants
(a) The numbers of DEGs (≥ 2-fold at P ≤ 0.05) between wild-type, wrky33 and
35S:WRKY33 at 0 or 24 hpi with B. cinerea. Normalized expression value for each
probe set in wild-type plants infected with B. cinerea at 24 hpi is plotted on the Y-axis;
the value in B. cinerea-treated (b) wrky33 mutant and (c) 35S:WRKY33 plants infected
with B. cinerea at 24 hpi is plotted on the X-axis. Venn diagram showing the
overlapping numbers of BIGs and BRGs in wild-type and (d) wrky33; or (e)
35S:WRKY33 plants at 24 hpi with B. cinerea. In (a, d and e), boxes represent total
number, and arrows represent the number of BIGs and BRGs between the treatments
and the genotypes tested. Wt, wild type; wrky33, wrky33 mutant; 35S:WRKY33,
35S:WRKY33 overexpression transgenic line; hpi, hours post inoculation.
The normalized transcriptional levels of all potentially DEGs in wrky33 and
35S:WRKY33 background lines were compared at 24 hpi (Figure 5b, 5c). Upon B.
cinerea infection, expression levels of 1660 BIGs and 1054 BRGs in wrky33 mutant

29
and WRKY33 overexpression lines were compared with the wild type. The goal is to
determine whether the expression levels of BIGs or BRGs are potentially dependent
on WRKY33 or not. We found that the expressions of 4821 genes were altered more
than twofold in wrky33 mutants; 921 induced and 3900 repressed, corresponding to
4% and 17% of the whole transcriptome, respectively (Figure 5a; Supplementary Data
S3), with a common set of 789 up- and 847 repressed genes showing similar changes
upon infection in both wrky33 and wild-type plants (Figure 5d; Supplementary Data
S3). The B. cinerea-inducible or -repressed gene was considered to be dependent on
WRKY33 if the average expression level following B. cinerea inoculation in wrky33
mutant line was 2-fold repressed or induced, respectively, than the expression level in
the wild-type plant. About 45% (751/1660) of the B. cinerea-induced genes in wildtype plants were also repressed in the wrky33 mutant inoculated by the same pathogen
(Figure 5a). On the other hand, the expression level of a set of genes (110/1054)
representing 10.4% of the whole Arabidopsis genome was greatly reduced in wildtype plants but increased in the wrky33 mutant following B. cinerea inoculation. This
alteration in the expression levels of DEGs between the wild-type and wrky33 mutant
suggests a potential involvement of DEGs in the WRKY33-dependent response to B.
cinerea. When the WRKY33 overexpression transgenic plants were infected with B.
cinerea, the transcript levels increased in 1099 genes (4.8% of the transcriptome) but
decreased in 2257 of the genes (9.9% of the transcriptome) (Figure 5a). We also
figured out 924 up and 914 repressed genes in the overexpression line were commonly
changed in the wild-type plants (Figure 5e; Supplementary Data S4). Expression levels
of 869 and 207 genes were up- and down-regulated, respectively, in the wild-type;
whereas the differential expression of 3183 (132 induced and 3051 repressed) genes
was triggered by the loss- of WRKY33 function. Similarly, the expression was induced
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in 732 up of the genes but reduced in 139 genes in the wild-type; thus, more than 1500
(174 up- and 1339 down-regulated) genes were altered in the gain-of-WRKY33
function (Figure 5e). We also determined all reciprocal combinations of common
DEGs between wild-type and wrky33 plants as well as wild-type and 35S: WRKY33
overexpression plants infected with B. cinerea (Figure 5d, 5e; Supplementary Data
S5). Regardless of the transcript level differences between the wild type, wrky33
mutant and 35S:WRKY33 overexpressing line, several genes associated with JA
pathway, such as allene oxidase cyclase 3 (AOC3), OPDA reductase 1 (OPR1),
defensin 1.2 (PDF1.2) and JA-ZIM-domain protein 1 (JAZ1) and ET pathway such as
ethylene response factor (ERF1 and ERF15), octadecanoid responsive Arabidopsis
AP2/ERF 59 (ORA59) and ACC synthase 6 (ACS6) were induced at 24 hpi with B.
cinerea in both transgenic lines (Supplementary Data S5, S6). Similarly, the
expression of SA pathway-associated genes, SA induction-deficient 2 (SID2),
enhanced disease susceptibility 5 (EDS5) and pathogenesis-related 1 (PR1), was
induced upon the fungal attack in wrky33 and 35S:WRKY33 genotypes. This confirms
previous published datasets comparing expression levels of hormone signaling
pathways in wild type- and wrky33-infected plants (Birkenbihl, Diezel & Somssich,
2012). In addition, camalexin biosynthetic genes, cytochrome P450 (CYP71A13) and
phytoalexin deficient 3 (PAD3) were also induced in both WRKY33 mutant and
overexpressing transgenic lines infected with B. cinerea. The transcript level of genes
encoding proteins that are involved in the regulation of cellular redox homeostasis,
such as glutaredoxin (GRX48), cytokinin oxidase/ dehydrogenase (CKX4),
NADPH/respiratory burst oxidase protein D (RBOHD) and thioredoxin- H5 (TRXH5), increased in wrky33 mutants after B. cinerea attack. The latter genes were also
induced at 24 hpi with the same pathogen. Together, our data suggest a regulatory role
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of WRKY33 in mediating gene expression which corresponds to disease responses in
its mutant and overexpressing lines.
2.3.4 Regulation of cyclopentenone-induced genes during B. cinerea infection
The cyclopentenone oxylipins; OPDA and PPA1 are formed via enzymatic and
nonenzymatic free radical-catalyzed pathways, respectively (Mueller & Berger, 2009;
Schaller & Stinzi, 2009). The two groups of B. cinerea-responsive genes (BIGs and
BRGs; Supplementary Data S1) were analyzed with OPDA- or PPA1-regulated genes
to determine possible correlations between the four groups (Taki et al., 2005; Mueller
et al., 2008). It has been reported that WRKY33 regulates the expression of many genes
encoding components associated with hormonal signaling pathways during B. cinerea
infection (Birkenbihl et al., 2012; Liu et al., 2015). To determine whether WRKY33
regulates non-enzymatic targets in the Arabidopsis genome following infection with B.
cinerea, the expression of BIGs and BRGs in the WRKY33 mutant and overexpressing
transgenic line with that of OPDA and PPA1 regulators were thus compared. Although
none of the OPDA-downregulated genes (Taki et al., 2005) were repressed by B.
cinerea infection (Figure 6), a group of genes that were 2-fold induced by OPDA
treatment (Taki et al., 2005) and B. cinerea infection, thus termed as OBIGs, were
demonstrated (Table 2; Supplementary Data S6). Of the OPDA-upregulated genes
identified (Taki et al., 2005), 24.3% (17/70) were also induced by B. cinerea infection
in wild-type plants (Figure 6). The OBIGs encode a subset of proteins including
kinases, Aldo/keto reductase, FAD-linked oxidoreductase, ABA-responsive and other
related proteins. Seven of the 17 (41%) OBIGs were dependent on WRKY33 (Figure
6).
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Figure 6: Regulation of genes by OPDA and/or PPA1 treatments and B. cinerea
infection
(a) Number; and (b) percentage of OPDA- and PPA1-regulated genes (Mueller et al.,
2008; Taki et al., 2005) that are differentially expressed in response to B. cinerea. Bars
in red, yellow or blue show whether the B. cinerea-DEGs are dependent on WRKY33,
TGA2/5/6, or both, respectively. Not DEGs, not B. cinerea-DEGs; DEGs, B. cinereaDEGs; WRKY33-dependent, B. cinerea-DEGs dependent on WRKY33; TGAdependent, B. cinerea-DEGs dependent on TGA2/5/6; WRKY33/TGA-dependent, B.
cinerea-DEGs dependent on WRKY33 and TGA2/5/6.
Targets of the OBIGs, DREB2A (At5g05410) and B-box zinc-finger
(At2g47890) proteins, are involved in pathogen attack signaling and abiotic stress
signaling (Chen et al., 2010; , Bhosale et al., 2013) were altered in both WRKY33
mutant and overexpression backgrounds (Table 2). The Arabidopsis oxidative stressrelated gene, GPX6 (At4g11600) encoding glutathione peroxidase protein (Mhamdi et
al., 2010), was the only gene that was induced by both OPDA and B. cinerea in wrky33
mutant background (Table 2). On the other hand, the OBIG-induced genes, mildew
resistance locus O6 (MLO6), zinc-finger (RHL41), Fe superoxide dismutase (FDS1)
and rubber elongation factor (REF), were regulated by 35S:WRKY33 only. Together,
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WRKY33 transcription factor was found to have a potential role in OPDA-mediated
regulation of gene expression.
Table 2: Regulation of genes by OPDA treatment and B. cinerea infection

Description

Gene
Locus

Fold Inductiona
OPDAb

B. cinereac

Expression
requiresd

OBIGs
DRE-binding protein 2A (DREB2A)

At5g05410

4.4

3.9

w33,
35S:W33

B-box zinc-finger

At2g47890

3.1

1.4

w33,
35S:W33

Glutathione peroxidase 6 (GPX6)

At4g11600

3.2

2.3

w33

Mildew resistance locus O6 (MLO6)

At1g61560

3.9

9.1

35S:W33

Zinc0finger Zat12 (RHL41)

At5g59820

3.5

14.1

35S:W33

Iron superoxide dismutase 1 (FSD1)

At4g25100

2.5

1.2

35S:W33

Rubber elongation factor protein
(REF)

At1g67360

2

4

35S:W33

a Fold

Induction = Normalized OPDA treatment or B. cinerea inoculation/normalized
no OPDA treatment or B. cinerea inoculation; data set on at least two-fold induction
or repression after treatment or inoculation.
b
OPDA-upregulated gene data were obtained from Taki et al., 2005.
c B. cinerea-induced genes data were obtained from this study at 24hpi.
d Gene regulation is dependent on WRKY33
OBIGs, OPDA-B. cinerea induced genes; w33, wrky33 mutant, 35S:WRKY33, overexpression.
In addition, DEGs upon B. cinerea infection were also compared with PPA1regulated genes (Mueller et al., 2008). Two distinct groups were identified: genes that
were induced by both PPA1 and B. cinerea (termed as PBIGs) and genes that were
repressed by both PPA1 and B. cinerea (termed as PBRGs) (Table 3; Supplementary
Data S6). In Arabidopsis wild-type plants, 25.5% (19/47) and 50.0% (17/34) of induced
or repressed genes by PPA1 were also induced or repressed by B. cinerea, respectively
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(Figure 6). PBIGs appear to fall in a gene category related to detoxification or stress
responses such as the cytochrome P450, UDP-glucoronosyl transferases, transporters,
heat shock factors/proteins, and TolB-related proteins. By contrast, PBRGs encode
proteins involved in cell growth, cell wall biosynthesis or cell cycle such as
hydroxyproline-rich glycoproteins, expansin B3, cyclin-dependent kinase (CDK),
pectinase and cellulose synthase. Two of the PBIGs (16.7%) and 11 of the PBRGs
(64.7%) genes were dependent on WRKY33, respectively (Figure 6). The TolB-related
(At4g01870) and mildew resistance locus O12 (MLO12; At2g39290) responsive genes
which were previously expressed in response to fungal infections (Sham et al., 2015,
Pan, Zhu, Luo & Fu, 2013), were also induced by B. cinerea in wild-type plants; thus
regulated by the absence or presence of WRKY33 (Table 3).
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Table 3: Regulation of genes by PPA1 treatment and B. cinerea infection

Description

Gene
Locus

Fold Inductiona
PPA1b

B. cinereac

Expression
requiresd

PBIGs
TOLB protein-related

At4g01870

20.1

4.5

w33,
35S: W33

Mildew resistance locus O12 (MLO12)e

At2g39200

9.6

2.3

w33,
35S: W33

Arabinogalactan protein 17 (AGP17)

At2g23130

-5.2

-1.8

35S: W33

Hyp-rich glycoprotein family protein

At3g02120

-4.6

-1.1

35S: W33

Cellulose synthase-like 5 (CSLD5), Salt
Overly Sensitive 6 (SOS6)

At1g02730

-3.7

-1.1

w33,
35S: W33

Auxin Inducible 2-11 (AUX2-11)

At5g43700

-3.8

-2.1

w33,
35S: W33

Actin-11

At3g12110

-3.6

-1.8

w33,
35S: W33

ASCICLIN-like arabinogalactan 18 precursor
(FLA18)

At3g11700

-5.1

-1.6

w33

Pectin lyase-like superfamily protein

At3g62110

-4.5

-1.3

w33

Cellulose synthase 6 (CESA) Isoxaben
resistant 2 (IXR2)

At5g64740

-3.1

-1.1

w33

CYCLIN D3 (CYCD3)

At4g34160

-3.5

-1.4

w33

Short hypocotyl 2 transcription factor (SHY2)

At1g04240

-3.4

-1.8

w33

Auxin-induced 13 (IAA13)

At2g33310

-3.2

-1.7

w33

PBRGs

a Fold

induction = normalized PPA1 treatment or B. cinerea inoculation/normalized no
PPA1 treatment or B. cinerea inoculation. Data set on at least two-fold induction or
repression after treatment/inoculation.
b PPA -upregulated genes data were obtained from (33) at 4 hpt.
1
c B. cinerea-repressed genes data were obtained from this study at 24 hpi.
d Gene regulation is dependent on WRKY33.
e Presence of WRKY33 DNA binding motif (Liu et al., 2015). PBIGs, PPA -B. cinerea
1
induced genes; PBRGs, PPA1-B. cinerea repressed genes; w33, wrky33 mutant;
35S:WRKY33, over-expression.
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It is worth mentioning that WRKY proteins specifically bind to a DNA motif
(TTGACT/C; also termed the W-box) (Rushton, Somssich, Ringler & Shen, 2010),
where 80% of the identified WRKY33 binding regions contained the W-box motif (Liu,
Kracher, Ziegler, Birkenbihl & Somssich, 2015). MLO12 contains W-box motif in its
promoter. AGP17 and At3g02120 repressed to both of PPA1 treatment and with B.
cinerea infection was dependent on 35S:WRKY33 only (Table 3). Although, we figured
out that 6 PBRGs were differentially expressed in wrky33 mutant only; 3 others were
dependent for their suppression to both the mutant and the overexpressing line of
WRKY33 (Table 3).
Our data indicate that WRKY33 transcriptionally regulates genes commonly
involved in plant response to PPA1 and B. cinerea, suggesting that WRKY33 may play
a role in the non-enzymatic pathway that is responsible for the synthesis of PPA1
oxylipin involved in plant stress responses. Previous studies have reported that OPDA
and PPA1 may function through TGA transcription factors, independently from JA
(Mueller et al., 2008; Bottcher & Pollmann, 2009; Stotz et al., 2013). Many genes (53%
of the whole genome) containing a TGA motif (TGACG) in the 500 bp upstream of
their promoters may contain binding sites for TGA transcription factors (Lam et al.,
1989). It has been reported that 60% of the PPA1- and 30% of the OPDA-inducible are
dependent on the TGA transcription factors TGA2/5/6 (Mueller et al., 2008).
Microarray analysis revealed that electrophilic oxylipins are involved in mediating
responses to B. cinerea infection and abiotic stress through TGA transcription factors
(Sham et al., 2014; 2015). We set our analysis on induced genes by PPA1 and OPDA
treatments (Mueller et al., 2008) and B. cinerea infection. Of the 52 induced genes by
the two cyclopentenone oxylipins (Mueller et al., 2008), 26 (50.0%) were B. cinerea-
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induced and 21 (40.4%) were dependent on the presence of TGA2/5/6 (Figure 6). Five
of the identified OBIG/PBIGs (19.2%) were dependent on WRKY33. Upon infection
with the plant pathogen B. cinerea, some induced genes were responsive to treatments
with PPA1 and OPDA. These genes could be regulated by a common pathway in which
WRKY33 may act through TGA transcription factors. Of the five OBIG/PBIGs that were
dependent of WRKY33, two were in a TGA-dependent manner, representing 40% of the
OBIG/PBIGs (Figure 6). For example, WRKY75 and cytochrome P450 (CYP72A15)
expression was increased after 24 hpi with B. cinerea; thus, this change was impaired
by TGA or WRKY33 transcription factors (Table 4). Both WRKY75 (Table 4) and PAD3
(Supplementary Data S7) contain W-box motif in their loci. On the other hand, other
regulators which do not contain a TGA motif, such as At3g21700 (SGP2), At5g17860
(CAX7) or At2g43510 (TI1), were transcriptionally dependent on WRKY33 after
infection. This suggests a regulation of some OBIG/PBIGs by WRKY33 upon infection
with B. cinerea.
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Table 4: Upregulated genes by PPA1 and OPDA treatments and B. cinerea
inoculation dependent on TGA2/5/6 and WRKY33
Array
element

Gene
locus

Fold induction
Description

B.
cinereaa

Expression
requiresc

TGACG
presence

PPA1

OPDA

10.4

4.4

41

w33,
35S: W33

+

a

a

OBIG/PBIGs
245976

At5g13080

WRKY75
transcription
factor
(WRKY75)d

258094

At3g14690

Cytochrome
p450
(CYP72A15)

11.1

4

1.3

w33,
35S: W33

+

257951

At3g21700

GTP binding
(SGP2)

2.7

2.3

5.3

w33,
35S: W33

-

250054

At5g17860

Calcium
exchanger 7
(CAX7)

2.3

3.9

20.4

35S: W33

260551

At2g43510

Trypsin
inhibitor
protein (TI1)

2.3

7.3

7.1

w33

-

a Normalized

fold induction of genes by PPA1 and OPDA (75μM) of at least two-fold
in Arabidopsis wild-type plants relative to controls but no induction in tga2/5/6.
PPA1- and OPDA-induced genes were obtained from (33) at 4hpt.
b Normalized fold induction of genes by B. cinerea of at least two-fold in Arabidopsis
wild-type plants relative to controls. B. cinerea-induced genes were obtained from
this study at 24 hpi.
c Gene upregulation is dependent on WRKY33.
d Presence of WRKY33 DNA binding motif.
PPA1, phytoprostane-A1; OPDA, 12-oxo-phytodienoic acid; B. cinerea, Botrytis
cinerea; w33, wrky33 mutant; 35S:WRKY33, over-expression.
2.3.5 Validation of OBIGs and/or PBIGs dependent on WRKY33 to B. cinerea
infection
The results for OBIGs or PBIGs obtained from microarray data were confirmed
by qRT-PCR analysis that revealed that some of the OPDA- or/and PPA1-regulated
genes were specifically regulated by B. cinerea (Figure 7).
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Figure 7: Expression of OBIGs/PBIGs in response to B. cinerea
Relative expression levels obtained through qRT-PCR for (a) OBIGs, PBIGs or PBRGs;
and (b) OBIGs/PBIGs after infection with B. cinerea at 24 hpi. Expression of B. cinereainducible genes was quantitated relative to control conditions (no infection) and corrected
for expression of the control gene (AtActin2). Error bars for qRT-PCR values are the
standard deviations (n ≥ 3). Mean values followed by an asterisk is significantly different
from wild type at the tested time (P ≤ 0.05). Experiments were repeated at least three
times with similar results. hpi, hours post inoculation; AtActin2, Arabidopsis thaliana
Actin2 gene.
Similar to the observed microarray analysis, all tested OBIGs were induced by
B. cinerea infection in wild-type plants only. However, the transcript levels of these
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genes change when the WRKY33 gene was either absent or overexpressed (Figure 7a).
For example, the OBIGs (At5g05410, At3g14890 and At4g11600) were repressed in
wrky33 mutants (Figure 7a). Except of At4g11600 that showed comparable expression
levels with the wild type, the other two genes had lower transcript levels in the WRKY33
overexpression lines. Even though the stress-responsive genes, At4g01870 and
At2g39200, were the only genes that were induced by the three genotypes by B. cinerea,
their expression was altered in WRKY33 loss-and gain-of-function plants (Figure 7a).
In addition, gene expression of PBRG results obtained by qRT-PCR were similar to
those by microarray. The induction of At3g02120 transcript was not altered by the
WRKY33 loss-of-function; the other PBRGs showed a significant increase in the
transcript levels in wrky33 mutant when treated with the same pathogen (Figure 7a).
Similarly, there was a significant induction in the 35S:WRKY33 overexpression
transgenic lines, suggesting that these genes play a role in B. cinerea defense. Next, we
verified the array results for TGA dependent-OBIG/PBIG-inducible genes (Table 4)
upon infection with B. cinerea in all WRKY33 backgrounds by qRT-PCR. Similar
patterns of gene expression were observed in both qRT-PCR and microarray analyses
(Figure 7b). The expression profiles of OBIG/PBIGs were dependent on the TGA
transcription factor in B. cinerea stressed plants (Table 4). We also found a regulation of
B. cinerea-induced WRKY33 in plant defense system, affecting the cyclopentenone
pathway TGA-dependent. Our results showed that At5g13080, At3g14690 and
At3g21700 were induced by B. cinerea in wild type; thus, this induction was
significantly altered in the other WRKY33 genotypes. Similar to the microarray
analysis, At5g17860 and At2g43510 induction was dependent on the absence and
presence of WRKY 33, respectively. Together, this suggests that there might be a
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gene regulation programing by OPDA and PPA1 that can be induced by B. cinerea
through WRKY33.
2.4 Discussion
A global gene expression profiling using Affymetrix microarrays was
performed in Arabidopsis wrky33 mutant and 35S:WRKY33 overexpressing transgenic
plants during infection with the necrotrophic fungus B. cinerea. Our aim was to (i)
identify induced and repressed genes during B. cinerea pathogenesis; (ii) compare and
link the DEGs after B. cinerea infection in presence of WRKY33 gene; and (iii)
determine possible correlations of OPDA- and/ or PPA1-regulated genes in response
to B. cinerea in presence of TGA2/5/6 and WRKY33 as stress-associated genes. We
first assayed wrky33 mutants with B. cinerea treatments and then assessed the
susceptibility/resistance to the pathogen by quantifying the B. cinerea ActinA
expression qRT-PCR (Benito et al., 1998) and by comparing the percentage of
decayed plants in wrky33 mutants, overexpression transgenic lines and wild-type
plants. The B. cinerea hyphal growth and the number of rotten plants were much lower
in the ectopic overexpression transgenic lines (35S:WRKY33) than in wild-type plants,
suggesting an enhanced resistance to B. cinerea in these transgenic lines. This finding
appears in agreement with previously tested visual observations, measurements of
lesion diameter and fungal biomass (Zheng et al., 2006; Luo et al., 2010; Laluk et al.,
2011b), suggesting that the Arabidopsis WRKY33 gene is required for resistance to B.
cinerea. Earlier studies of Arabidopsis defense mechanisms against B. cinerea have
identified a certain number of defense-related genes or regulatory proteins using
transcriptome and proteome analyses (AbuQamar et al., 2006; Mulema et al., 2011;
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Birkenbihl et al., 2012; Mulema & Denby, 2012; Windram et al., 2012; Sham et al.,
2014; 2015).
While the biological processes underlying plant responses to necrotrophs are
still not fully understood, changes in Arabidopsis gene expression profiling and
regulated genes were determined using microarray-based analysis after inoculation with
B. cinerea. Necrosis, chlorosis, tissue maceration and plant decay are common
symptoms of fungal infection in Arabidopsis (Figure 3) (AbuQamar et al., 2006). We
set up the time point at 24 hpi because it has proven that this short period allows to
identify genes potentially involved in the early production of toxin and host specificity
(AbuQamar et al., 2006; Mulema et al., 2011; Windram et al., 2012). We also used highthroughput microarray technology to unravel the complex Arabidopsis-B. cinerea
interaction. In Arabidopsis wild-type plants, the expression levels of 2714 genes were
altered at least twofold or more compared to non-infected plants with 1660 genes being
up-regulated and 1054 genes being repressed, representing 7.3% and 4.6% of the overall
Arabidopsis transcriptome, respectively. Most of the BIGs encode proteins that were
responsive to biotic, abiotic and chemical stimuli, and signal transduction at 24 hpi. On
the other hand, the major categories of the BRGs include genes encoding proteins
belong to electron transport, responses to environmental cues, photosynthesis and other
metabolic processes. This confirms that the upregulated proteins fall in the categories
of response to chemical stimuli and plant hormone signal transduction; whereas
downregulated proteins are involved in the photosynthesis, chlorophyll metabolism and
carbon utilization categories in response to this necrotrophic fungal pathogen
(AbuQamar et al., 2006; Mulema et al., 2011; Sham et al., 2014; 2015). The upregulated
proteins include kinases, transferases and other enzymes that are commonly induced
upon pathogen infections to activate signal transduction pathways and metabolic
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reactions. Extracellular proteins or those localized within plastids, including
chloroplasts, were downregulated as a defense response by the pathogen attack
(Mulema & Denby, 2012). Out of the 1660 of BIGs, 789 and 924 genes that were
dependent on the presence and absence of WRKY33, respectively. On the other hand, a
lesser number of genes were constitutively regulated by WRKY33 encoding
transcription factors required for resistance to pathogens (Zheng et al., 2006). The target
genes of the transcription factor WRKY33 are involved in the crosstalk between SA and
JA/ET signaling and camalexin biosynthesis pathways (Mengiste et al., 2010;
Birkenbihl et al., 2012). Our microarray analysis demonstrated similar results with other
studies. For example, genes that are either considered as JA-responsive or involved in
biosynthesis of JA were differentially expressed at 24 hpi in wrky33 mutant and/or
35S:WRKY33 overexpressing lines compared with wild-type (Supplementary Data S5)
(Birkenbihl et al., 2012; AbuQamar et al., 2016). Similarly, genes involved in JA/ETmediated signaling, SA signaling, camalexin biosynthesis, and redox homeostasis were
differentially regulated by WRKY33 in Arabidopsis plants inoculated with B. cinerea.
At early stages of the infection with B. cinerea, WRKY33-impaired mutants contain high
levels of SA; then, at later stages of infection, a downregulation of JA-associated
responses occurs, which in turn, activates ZIM-domain genes and consequently
represses JA signaling pathways (Birkenbihl et al., 2012; AbuQamar et al., 2017). An
early transcriptional response mediated by WRKY33 in Arabidopsis towards this
necrotrophic fungus suggests that WRKY33 altered expression will affect gene
regulation upon infection with B. cinerea. Moreover, the elevated levels of ABA in
wrky33 mutant accompanied with the repression of NCED3/NCED5 –involved in ABA
biosynthesis–suggest a negative regulation of ABA signaling by WRKY33 in resistance
against B. cinerea (Liu et al., 2015). Altogether, WRKY33 is associated with the
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regulation of hormonal signaling pathways upon B. cinerea attack. However, this does
not rule out the possibility that WRKY33 may also play a role in the regulation of nonhormone targets in cyclopentenone signaling during defense responses to B. cinerea.
The OPDA is an active and immediate precursor of JA (Taki et al., 2005) and plays an
independent role in mediating resistance to pathogens and pests (Bottcher & Pollmann,
2009). The PPA1 is a cyclopentenone isoprostane produced by the action of reactive
oxygen species (ROS) from α-linolenic acid in plants (Thoma et al., 2003; Taki et al.,
2005). In Arabidopsis, upon B. cinerea infection, ROS and a set of enzymes are induced,
which in turn, undergo the nonenzymatic and enzymatic pathways, respectively. These
events will lead to the accumulation and activation of cyclopentenones, phytoprostanes
(i.e. PPA1) and OPDA. PPA1 enhances the expression of detoxification enzymes
whereas OPDA induces a number of genes through COI1-dependent pathways. In
addition, OPDA may function independently from COI1 (Mueller et al., 2008; Ribot et
al., 2008; AbuQamar et al., 2013; Sham et al., 2014; 2015). PPA1 also increases the
phytoalexin biosynthesis rates, induces the expression of ABA- and auxin-responsive
genes and genes involved in primary and secondary metabolism processes. The
transcriptional profiles of many OPDA- and PPA1-regulated genes during B. cinerea
infection confirm previous results and show some overlap between genes upregulated
by cyclopenetenone oxylipins and pathogens. For example, Arabidopsis plants treated
with P. syringae accumulate nonenzymatically-formed hydroxyl fatty acids and PPs
(Grun et al., 2007). OPDA, PPA1 and other phytoprostanes accumulate after infection
with necrotrophic pathogens independent of JA (Thoma et al., 2003; AbuQamar et al.,
2013; Stotz et al., 2013). The induced expression of WRKY33 and the increased
susceptibility of its mutant upon infection with B. cinerea (Figure 3) (Zheng et al., 2006;
Birkenbihl et al., 2012) suggest a key regulatory role of WRKY33 gene in plant defense
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against B. cinerea invasion. In addition, COI1 which is required for JA signaling and
resistance to B. cinerea, represses the basal expression of WRKY33. Previous studies
have reported that OPDA and PPA1 may function through TGA transcription factors,
independently from COI1 (Mueller et al., 2008) or through COI1 but independently of
JA (Stotz et al., 2013). A large number of previously identified PPA1/OPDA-responsive
genes that are dependent on TGA2/5/6 (Taki et al., 2005; Mueller et al., 2008; Stotz et
al., 2013) were also induced by B. cinerea (Table 4; Supplementary Data S7).
About 91% of these regulated genes were also dependent of the
presence/absence of WRKY33 transcription factor confirming previous regulation of
these genes in response to B. cinerea (Ferrari et al., 2007). We speculate that this
regulation is not only TGA-dependent but also WRKY33-dependent. Upon B. cinerea
infection, the MAP kinases MPK3 and MPK6, directly phosphorylate WRKY33 in vivo,
which in turn binds directly to PAD3 promoter, and subsequently this activates the
expression of PAD3, the camalexin biosynthetic gene (Mao et al., 2011). Liu and
colleagues (2015) have reported that several WRKY33-regulated proteins, including
MLO12, are involved in cell death. In addition to PAD3, we found MLO12 and WRKY75
(Tables 3 and 4) (Liu et al., 2015) contain the W-box DNA-binding motif in their
promoter (Rushton, Somssich, Ringler & Shen, 2010), suggesting that WRKY75 is
binding to (and thus presumably regulating) WRKY33. Thus, the regulation between
WRKY33 and its downstream targets in response to B. cinerea is underway.
These results identified the potential defense-related genes that coordinate
regulatory pathways through WRKY33 in mediating resistance to B. cinerea (individual
biotic stress). In order to elucidate the role of multiple stress regulated genes, a
comparative study of B. cinerea along with 4 other biotic, 2 abiotic and 4 hormonal
stresses will be used in the following chapter.
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Chapter 3: Metatranscriptomic Analysis of Multiple Environmental
Stresses Identifies RAP2.4 Gene Associated with Arabidopsis Immunity to
Botrytis cinerea
3.1 Introduction
Plants frequently have to cope with a wide array of environmental (abiotic and
biotic) challenges. In nature, simultaneous or sequential exposure of plants to multiple
stress conditions i.e., more than one abiotic and/or biotic stress, occurs more often than
to a single individual stress (Suzuki et al., 2014; Coolen et al., 2019). Plants have
evolutionarily developed sophisticated adaptation and defense mechanisms (Atkinson
& Urwin, 2012). Thus, this response cannot be predicted based on a plant response to
an individual stress. Depending on the length, intensity and severity of stresses, the
complexity of plant response can be orchestrated by the integration of a number of
metabolic pathways and the crosstalk between different signal transduction pathways
(Shaar-Moshe et al., 2017). The specificity of response can be determined by an array
of mechanisms, which may crosstalk or diverge, and form complex networks including
transcription factors (TFs), kinases and reactive oxygen species that may interact with
each other (Atkinson & Urwin, 2012). As a result, plants tune gene expression along
with their physiological needs to promote adaptation to short- and long-term
environmental changes.
There are a number of global transcriptome analyses investigating various
environmental stresses in plants including A. thaliana. Although many microarray
studies have focused on individual stresses (AbuQamar et al., 2006; Segarra et al.,
2013), there is growing evidence that a unique gene expression can be activated in
plants under simultaneous abiotic and/or biotic challenges. Researchers have identified
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specific and common molecular responses to bacterial, fungal and viral pathogen
attacks; others have analyzed plant responses to multiple abiotic stresses using
different transcriptomic tools (Balan et al., 2018; Schenk et al., 2000). In their efforts
to compare between different stress responses, two microarray studies identified the
genes and pathways that are commonly induced by the necrotrophic fungal pathogen
B. cinerea (biotic) and abiotic (salt, heat, cold, drought, osmotic and oxidative stress)
threats (Sham et al., 2014; 2015). The effects of simultaneous biotic and abiotic
stresses may interact either synergically or antagonistically. Hence, genes and
molecular mechanisms involved in regulating plant responses are mainly associated
with signal molecules known as plant hormones (Coolen et al., 2016; Suzuki, 2016;
Coolen et al., 2019). Several studies have reported that the major phytohormones, SA,
JA, ET and ABA, are involved in the regulation of plant response to the adverse effect
of biotic and abiotic stresses (Verma et al., 2016; AbuQamar et al., 2017). To lesser
extent, other hormones such as auxins, gibberellic acid, cytokinins, brassinosteroids
and strigolactones may also play a role in plant defense signaling pathways
(AbuQamar et al., 2013; 2016; 2017). Studies have reported the association of different
defense signaling pathways in response to pathogens and described that among the coexpressed genes, a majority is co-induced or -repressed with the treatment of SA and
methyl-JA (MeJA) (Schenk et al., 2000; AbuQamar et al., 2016). Plant response to
certain insects can also be related to hormone signaling. For example, a response of
wounding by insects such as Spodoptera exigua (Hübner) and Pieris rapae, the level
of JA, JA-isoleucine and ET was increased (Rehrig et al., 2014). In tomato (Solanum
lycopersicum), tomato protein kinase 1b (TPK1b) RNA interference (RNAi) mutant
plants showed increased susceptibility to B. cinerea and the herbivorous insect
Manduca sexta, and increased sensitivity to 1-aminocyclopropane-1-carboxylic acid
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(ACC), the natural precursor of ET (AbuQamar et al., 2008). In addition, ectopic
expression of TPK1b in Arabidopsis conferred increased resistance to B. cinerea and
A. brassicicola. This suggests that TPK1b and ET as key regulators of insect and
pathogen defense responses. B. cinerea is considered the second most important plant
pathogen, causing significant economic damage on over 200 crops worldwide (Dean
et al., 2012). Moreover, B. cinerea has become an important model for studying
interactions between plants and necrotrophic pathogens (Laluk & Mengiste, 2010).
Typically, SA, JA and ET play major roles in response to pathogen infections; while
ABA is responsible for plant defense against abiotic stresses (Mengiste et al., 2010;
Verma et al., 2016). Hence, the existence of crosstalk in plant responses to biotic and
abiotic stresses involves various signaling hormone pathways. For instance, ET and
JA have been found to be associated with elevated expression levels of the plant
defense gene PDF1.2, which contributes to resistance to B. cinerea and A. brassicicola
(Penninckx et al., 1998). Arabidopsis and tomato mutants with altered ET and JA
signaling pathways are susceptible to B. cinerea infection (AbuQamar et al., 2006;
2009). Exogeneous treatment of Arabidopsis with ET or MeJA substantially decreased
B. cinerea infection, indicating the crucial function of ET and JA in B. cinerea
resistance. Furthermore, a study has confirmed the role of expansin-like A2 (EXLA2)
gene in defense against B. cinerea and tolerance to abiotic stresses (AbuQamar et al.,
2013). In Arabidopsis, the negative regulation of WRKY57 against B. cinerea is
dependent on the JA signaling pathway (Jiang & Yu, 2016). Another gene from the
WRKY family, WRKY33 is found to be important in B. cinerea resistance (Zheng et
al., 2006; Sham et al., 2017). Molecular and genetic studies reveal that ABA negatively
influences

defense

to

B.

cinerea

and

affects

JA/ET

and

SA

levels.

Susceptibility/resistance can be determined by the antagonistic effect of ABA on JA,
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and this crosstalk requires suppression of WRKY33 at early infection stages (Liu et al.,
2017). This indicates that B. cinerea promotes disease by suppressing WRKY33mediated host defense.
It is important to study plant responses to multiple stress conditions in order to
identify commonly regulated genes and pathways altered by these stresses. The
specific aim of this study is to understand the gene regulation in response to individual
as well as combined stress in response to B. cinerea, other biotic, abiotic and hormonal
stresses using comparative microarray analysis. This will help to facilitate specific
target gene manipulation for genetic engineering to enhance multiple stress tolerance
in plants. There are several gene expression experiments as well as datasets in publicly
available data repositories. Meta-analyses of public datasets can yield more
biologically and technically sound information than that of individually analyzed
datasets (Bown & Sutton, 2010). In addition, results coming from single stress
experiments may be inaccurate or skewed if the compared datasets are not genetically
equivalent, which is in contrast to analyzing public consistent datasets. The dynamics
of whole‐transcriptome profiles of Arabidopsis exposed to sequential double stresses
treated with combinations of B. cinerea, P. rapae and drought stress has been analyzed
(Coolen et al., 2016). The study revealed that around one-third of the differentially
expressed genes (DEGs) were shared by at least two single stresses.
3.2 Materials and Methods
3.2.1 Plant growth and treatment conditions
We analysed data from publicly available microarray datasets on Arabidopsis
plants (ecotype Col-0) either infected or treated with the necrotrophic fungus pathogen
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B. cinerea, other biotic (P. syringae pv tomato DC3000 and avrRpm1, A. brassicicola
and P. rapae), abiotic (oxidative stress and wounding) or hormonal (SA, MeJA, ACC
or ABA) stresses. The microarray datasets were downloaded from NASCArrays at the
BAR for Arabidopsis functional genomics database (http://bbc.botany.utoronto.ca/)
(Toufighi et al., 2005). The reference numbers for the corresponding stresses can be
found in Table 5.
Table 5: Microarray datasets obtained from the Botany Array Resource (BAR) and
used for data analysis in this study
Type of stress

Treatment
Botrytis cinerea

Biotic stress

Abiotic stress

Hormonal stress

NASCArray
Reference
NASCArray-167

n
2

Pseudomonas syringae pv. DC3000

NASCArray-120

3

P. syringae pv. avrRpm1

NASCArray-120

3

Alternaria brassicola

NASCArray-330

2

Peris rapae

NASCArray-330

2

Oxidative stress

NASCArray-143

6

Wounding

NASCArray-145

6

Salicylic acid

NASCArray-192

1

Methyl-jasmonate

NASCArray-174

3

1-aminoacyclopropane-1-carboxylate

NASCArray-172

3

Abscisic acid

NASCArray-176

3

Briefly, five-week-old Arabidopsis plants were inoculated by placing four 5μl drops of 5 × 105 spore mL-1 solution of B. cinerea on detached leaves. Responses to
B. cinerea infection were assayed at 0 and 18 hpi of adult leaves. For bacterial
infections, P. syringae pv. tomato DC3000 or avrRpm1, were infiltrated with 1 × 108
CFU mL-1. Bioassays using drop-inoculation of 3-µl drops of 1 × 106 spores mL-1 of
A. brassicicola were carried out on detached leaves of 5-week-old plants. Infestations
with P. rapae were performed by transferring 5 chewing larvae per plant (De Vos et
al., 2005). Responses to these biotic stresses were tested at 0 and 24 hpi. For the
oxidative stress or wounding treatment, 18-day old seedlings were exposed to 10 µM
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methyl viologen (paraquat) or punctured with pins, respectively, at 0- and 24-hours
post treatment (hpt) as previously described (Kilian et al., 2007). Arabidopsis seedlings
grown in MS media were treated with 10 µM SA (Kilian et al., 2007), MeJA, ACC
and ABA (Goda et al., 2008). Expressions levels of hormonal treatments were
determined at 3 hpt. Only shoot tissues were analysed for all eleven stresses. No
infection/no treatment control (designated as 0 hpi/hpt) was used from the obtained
dataset NASCArray-137.
3.2.2 Microarray procedure and normalization method
Affymetrix Expression Console (EC) software was used to treat the publicly
available raw CEL files (Irizarry et al., 2003). This included probeset signal
integration, background correction and quantile normalization. Transcriptome
Analysis Console (TAC) software was used to analyse DEGs. Affymetrix GeneChip
ATH1 genome arrays representing 22,810 Arabidopsis genes were considered in each
dataset from which, those with the absence (A) and medium (M) signal detection calls
were removed and those which showed present (P) were only considered for further
analysis. Depending on the treatment, the number of tested samples (n) for each
replicate varies (Table 5). Three technical replicates were used for the analysis for each
gene and their average was taken as the signal intensity. The FC for each gene was
calculated by dividing the signal intensity (SI) of that particular gene in the treated
data by the SI of that gene in the non-treated (Sham et al, 2014; 2015). The FC gene
expression of ≥ 2 (up-regulated) or ≤ 0.5 (down-regulated) was set as default filter
criteria for significant DEGs at P ≤ 0.05. Log2-transformed expression level data were
used to generate scatter plots to detect the effect of each stress at 0 and the
corresponding 3 hpt for hormones, 18 hpi for B. cinerea or 24 hpi/hpt for other biotic
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and abiotic stresses on plant gene expression. The gene identities and GO across
microarray datasets were established using The Arabidopsis Information Resources
(TAIR; www.arabidopsis.com). Although we compared gene sets across experiments
and identified overlapping patterns of DEGs, the raw data was re-normalized under
identical platforms regardless of spatiotemporal variability in the data.
The heatmap to visualize large data matrices was generated using Morpheus
(https://software.broadinstitute.org/morpheus/). To analyse the generated gene
expression datasets, the top 50 BUGs and BDGs were plotted along with their
corresponding DEGs of the other tested datasets. Log4 values of FC were scaled as −4
to +4; and denoted by color intensity from red (down-regulated genes) to green (upregulated genes). Black was denoted for the absence of gene expression in the specific
dataset. To identify the common DEGs across the datasets, Venn diagrams were
generated and plotted using Venny 2.1 software with colour codes based on the
expression of the gene (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
3.2.3 Arabidopsis PPI network
The PPI dataset was downloaded from A. thaliana Protein Interaction Network
(AtPIN) (Brandão et al., 2009). The interactome data includes the experimentally
identified PPIs and computationally predicted interactions. The PPI network was
created and visualized using Cytoscape Version-3.7.0 (Shannon et al., 2003). Nodeedge attributes for the genes/proteins of interest were downloaded from STRING
database (http://string-db.org/) (Szklarczyk et al., 2016) which contains the known and
predicted PPIs of the query. The network was modified based on these genes/proteins
using a Cytoscape plugin Style (formerly known as Vizmapper). In the network, nodes
represent

the

proteins/genes,

whereas

edges

or

lines

represent

the
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interactions/connections. The attributes of the nodes were altered for the visualization
of the network in respect to the genes/proteins of interest. Another plugin, BINGO
v3.0.3, was used to determine the GO categories, which were statistically
overrepresented in the selected set of proteins (Maere et al., 2005).
3.2.4 Fungal culture, plant inoculation and T-DNA insertion lines
For disease assays, B. cinerea strain BO5-10 was grown on V8 agar media
(36% V8 juice, 0.2% CaCO3 and 2% Agar). The fungal cultures were sub-cultured by
transferring a piece of agar containing the mycelium to a fresh plate of V8 agar and
incubated at 25°C. In order to study the response of B. cinerea, we followed the
procedure of disease assays coming from the microarray reference obtained from the
BAR. Four rosette leaves from five-week-old soil grown Arabidopsis plants were
drop-inoculated by placing a 3 µl drop of 2.5 × 105 conidiospores mL-1 solution of B.
cinerea to each leaf (AbuQamar et al., 2006). Plants were further kept under a sealed
transparent covered plate to maintain high humidity in a growth chamber with
fluorescent lighting (186 μE m-2 sec-1) at 21°C/18 ± 2°C day/night temperature and a
16/8 hr light/dark cycle. Responses to B. cinerea infection were assayed at 0 and 18
hpi on detached leaves. Homozygous T-DNA insertion lines of rap2.4-1
(SALK_139727; N677156) and rap2.4-2 (SALK_110897; N667030) were obtained
from the NASC (Nottingham, UK). Mutant lines were in Col-0 ecotype background.
T-DNA lines were confirmed via qRT-PCR using primers provided in Table 6. Fungal
biomass was assessed by accumulation of BcActinA relative to Arabidopsis Actin2
(AtActin2). Lesion size was determined by measuring the diameter of the necrotic area.
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3.2.5 RNA extraction and expression analysis
Samples of B. cinerea-inoculated leaves were collected at 0 and 18 hpt for the
qRT-PCR analysis. RNA extraction and qRT-PCR expression analyses were
performed as described previously (AbuQamar et al., 2013). The qRT-PCR
amplification was performed using Bio-Rad CFX96 Real-Time PCR System C1000
Thermal Cycler (Bio-Rad, Hercules, California, USA) in triplicates. Reaction mixture
(20 μL) contains 100 ng total RNA as a template, 10 μL 2X GoTaq qPCR Master Mix,
0.4 μL 50X GoScript RT Mix for 1-Step qRT-PCR (Promega, Madison, Wisconsin,
USA), 0.3 μM each specific left and right primer (Table 6). The reaction condition was
as follows: 40°C for 15 min for the reverse transcription (RT) followed by 95°C for
10 min of RT inactivation, 40 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 30
s. AtActin2 was used as an endogenous reference for normalization. Expression levels
were calculated by the comparative cycle threshold method, and normalization to the
control was performed.
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Table 6: List of primers (Sequence 5’ to 3’) used in chapter 3 for qRT-PCR
Description

Left primer sequence

Right primer sequence

AtActin2

GTCGTACAACCGGTATTGTGCTG

CCTCTCTCTGTAAGGATCTTCATGAG

BcActinA

ACTCATATGTTGGAGATGAAGCGCA

AATGTTACCATACAAATCCTTACGGA

At1g60730

AATATGGAATCAGGTATGCAGAGGG

GGCAACATCTACTCGCATTAAACTA

BAP1

CCCAACGAATGATTTCATGGGAAGG

TGACGATCCCACACTTATCACCAAA

GER5

TGGAACTGTCTATCTTTCGAATGCTC

ACCCTGTAGTAGCTCCAAGATTCTT

At5g25930

GAGAAGGAGTTTATTGCTGAAGTTG

AGCTTTGAATCTTCCCTTGAGATAC

CSLE1

CTGGCCTCTGTATAAAGGTATGTTG

GGTACAGGCAGATAAAGCTAAAACA

At4g24160

GGTCATTTTGTGTTCATAGACAACC

GAGTTGTTGATCATGAGAGGAGTCT

At3g44190

GACTTCTCCAGCGGTTAATATCAC

CATTGTGACCAGTAGCAATAACAAG

TolB-related

CAAAGTATCTAAATCCGACGGTTC

GTGTAGATTACATGACGCTCTGTTG

HSP70

GACCAAGCTATTGAATGGTTAGATG

ATAATAGGGTTGCAAAGAGACTCG

HSF4

GCTAGTTGATGATCATAGCACAGAC

GAAGATCTTTAGCAAACTCTGCTGT

UGT87A2

GGAGAGAGGAGATCAAGGAAGTAGT

GACTGATTTCACTAAGGTCACAAGC

CYP89A9

GAAGAGATCAGAGAAGAGGATTTGG

ATGGTAAGACAAGTAATGACCAGGA

ATTCAGAGTGCGTTCTGAGCTATAC

TTTAGCATCTCGTCTTCTTCACTCT

CAX7

CCTGGTTGTTTGTTCTGTTCTACTT

TAGGAGACAGCTTCAAAACCTTAGA

NIT4

CATCAAATCTTCCCTGAGATTGAC

CGGGAGTATCGTAGAAGACTGTAGA

TI1

CTATCGTTTCCATCTTCGTTGTCT

GTATTCTTTCAAGCACTCGTTACCT

At4g20860

CTACTCCGACAAGAGAACAATTCC

GGGAATCTAGTGTATGAGTGGTGAG

CYP71B6

TACTCGTCCAAAGCTATCTATCACC

AGTTTCCGCACATCTCTGTAGTAAT

CAD1

ATGAGTTCTTCAGAGAGTGTGGAAA

TAACAGACCTGCGAGTGATAGTATG

MRP4

GATCAGACCAATGTCGATATCCTTA

CGTACTGGCAGGTAACTATGAAAAT

ANAC053

GACGAAGAACTCGTTCGTTACTATC

GGCTCAGATTTGTATACATCGGTAA

CYP72A8

GATACTACTTGGTCGAACCGTAGAG

GATGAACCATAAGAACAGGAATCAC

At1g13990

CAGGCTAGACCCAAAACTAAATTC

GGTCACAGTATCTAACAGCCTCATT

At5g03490

TGTTATTGTTGCCGGGAACTAAATC

AAGTCAAGTAGAGGAAGTAAGTGGC

RD2

TCTTCTTCGTCTCTCTGTGTGTGTA

GCATACAATACATTCATTCCTGAGC

At1g72900

TCAGGGTAACTACTTTGAAAGCCA

AGCAGAACCTTTTGCTTCTTGAGA

At4g30490

TACTACTAGGGTCACCGTCTCAGAT

CAGATATCACCAGTCATGAGTTCAC

Peptidase C15

TTCAGAGAATCCTACTGAGAAGATA

CAAGAACACTACAGCTACCAAGACA

CSLD5/SOS6
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3.2.6 Statistical analysis
For qRT-PCR assay, three technical replicates of each sample were used with
a mini- mum of three biological replicates. Results were expressed as means ± standard
deviation (SD) of the number of experiments. A Student’s t-test for the values was
performed at P ≤ 0.05. Data of B. cinerea growth and lesion size in inoculated plants
represent the mean ± SD (n = 20). Analysis of variance (ANOVA) and Duncan’s
multiple range test were performed to determine the statistical significance using SAS
9.0 (2002). Mean values followed by a different letter are significantly different from
the corresponding control (P ≤ 0.05). All experiments were carried out independently
in triplicate with similar results.
The entire workflow involved in the functional analysis of DEGs using
comparative microarray data has been schematically represented below (Figure 8).
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Figure 8: Schematic workflow of the steps involved in functional analysis of DEGs
using comparative microarray data

3.3 Results
3.3.1 Screening of DEGs in response to individual stresses
We aimed to identify unique and common DEGs among transcriptomic
datasets related to environmental and hormonal stresses in Arabidopsis. Similar to
previous studies (AbuQamar et al., 2006; Sham et al., 2014; 2015), B. cinerea upregulated genes (BUGs) and B. cinerea down-regulated genes (BDGs) were identified
based on their transcriptional levels in response to B. cinerea at 18 hours post
inoculation (hpi). Using publicly available databases (Toufighi, et al., 2005), DEGs
were also detected in Arabidopsis plants infected with B. cinerea at 18 hpi
(Supplementary Data S8). For each individual dataset, the complete list of
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pathogen/pest infection (P. syringae pv. tomato DC3000 and avrRpm1, A. brassicicola
or P. rapae), abiotic stress (wounding and oxidative stress) or hormone treatment (SA,
MeJA, ACC and ABA) can be found in Supplementary Data S9–S11. Microarray
analysis showed 1554 BUGs (6.8% of Arabidopsis genome) and 1206 BDGs (5.3%)
(Figure 9A, 9B).

Figure 9: Gene expression analysis in Arabidopsis plants in response to different
stress treatments
The number of (A) up- and (B) down-regulated genes in response to individual biotic,
abiotic and hormonal stresses were plotted.
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In response to P. syringae pv. tomato DC3000 and avrRpm1, we found 2422
and 1989 genes considered up-regulated, and 2270 and 2085 considered downregulated, respectively. There were 1902 genes (933 up-regulated; 969 downregulated) after inoculation with A. brassicicola, 2382 genes (1386 up- and 996 downregulated) were detected as DEGs in Arabidopsis plants infested with P. rapae. The
least number of DEGs was observed in plants under the two treatments that belong to
oxidative stress and wounding (Figure 9A, 9B). This could be attributed to the natural
adaptation of Arabidopsis to the abiotic stress group in comparison to other stress
conditions (Sham et al., 2014; 2015). In Arabidopsis, the gene expression levels upon
individual treatments of SA, MeJA, ACC and ABA were altered for 3,051, 2,918,
2,590 and 3,231 transcripts, respectively, from which 1,340 (43.9%), 1,397 (47.9%),
1,328 (51.3%) and 1,564 (48.4%) genes were stress-induced genes. On average, most
FC of the DEGs in all stresses ranged between two-fold or three-fold. Interestingly,
we noticed that some genes were induced >10 fold or repressed <10 fold. Although
each dataset may have its unique DEGs, this does not rule out the possibility that
common genes can be identified across the categories of stresses.
To visualize the gene expression data of B. cinerea and other examined
stresses, a heatmap of the top 50 BUGs and BDGs was generated (Figure 10). The
heatmap was combined with clustering methods, displaying a group of genes/samples
together based on the similarity of their gene expression pattern. Together, this can be
the first step for identifying genes that are commonly regulated or biological signatures
that are associated with multiple conditions.
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Figure 10: Heatmap representing highly conserved DEGs to multiple stress responses
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Top 50 up- and down-regulated genes in each individual stress were sorted and their
expression profile in log4 values were plotted using a heatmap and linked to their
relationship with dendrogram. Bc, Botrytis cinerea; Pst, Pseudomonas syringae pv.
tomato DC3000; PstavrRpm1, P. syringae pv. tomato avrRpm1; Ab, Alternaria
brassicicola, Pr, Peris rapae; Ox, oxidative stress; W, wounding; SA, salicylic acid;
MeJA, methyl-jasmonate; ACC, 1-aminoacyclopropane-1-carboxylate; ABA, abscisic
acid.
3.3.2 Highly conserved expression of common DEGs to multiple stress responses
A scatter plot was constructed to compare the transcript level of the DEGs of
each dataset with that altered by B. cinerea infection (Figure 11). Clearly, the results
demonstrated similar patterns of gene expression levels between Arabidopsis plants
infected with B. cinerea and any individual stress at the time of treatment. This
suggests that the mode of action of some DEGs common to multiple stresses may
contribute in functions or processes that are common among responses to stress
acclimation. We also determined the number (and percentage) of genes that were coregulated in response to B. cinerea and single treatments of each stress type.
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Figure 11: Comparison of gene expression in plants infected with B. cinerea vs.
environmental and hormonal stresses
Normalized expression value for each probeset in wild-type plants infected with B.
cinerea at 18 hpi (Bc−18) is plotted on X-axis versus the expression value in wild-type
plants after treatment with biotic, (A) Pseudomonas syringae pv. tomato DC3000 (Pst24), (B) P. syringae pv. tomato avrRpm1(PstavrRpm1-24), (C) Alternaria
brassicicola (Ab-24), and (D) Peris rapae (Pr-24); abiotic, (E) oxidative stress (Ox24), and (F) wounding (W-24); and hormonal (G) salicylic acid (SA-3), (H) methyljasmonate (MeJA-3), (I) 1-aminoacyclopropane-1-carboxylate (ACC-3), and (J)
abscisic acid (ABA-3) stresses. hpi, hours post inoculation.
In response to both the virulent and avirulent strains of P. syringae, more than
2/3 and 1/2 of the genes were also induced and repressed, respectively, to B. cinerea
(Table 7). Upon inoculation with B. cinerea, 40–50% of the genes were expressed by
either the fungal pathogen A. brassicicola or the herbivory insect P. rapae. We also
noticed that between 443 (28.5% in ACC) and 562 (36.2% in ABA) of the induced,
and 429 (35.6% in ACC) and 532 (44.1% in SA) of the repressed genes in response to
single hormonal stresses were co-regulated with infections by B. cinerea. To lesser
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extent, 193 (12.4%) and 69 (4.4%) of BUGs and 65 (5.4%) and 47 (3.9%) of BDGs
were also up- and down-regulated by paraquat (oxidative stress) and wounding
treatments, respectively. Only one gene was induced, and three genes were repressed
in response to all individual stresses (Table 7). The list of identified DEGs that were
co-regulated by B. cinerea and the rest of the single stresses can be found in
Supplementary Data S12-S14.
Table 7: Percentages of BUGs and BDGs common with other biotic, abiotic and
hormonal stresses
Treatment

Co-upregulated genes

Co-downregulated genes

Genes
(count)

Percentage

Genes
(count)

Percentage

Pseudomonas syringae pv. DC3000

1047

67.4

637

52.8

Pseudomonas syringae pv. avrRpm1

1095

70.5

751

62.3

Alternaria brassicicola

635

40.9

491

40.7

Peris rapae

761

49

548

45.4

Oxidative

193

12.4

65

5.4

Wounding

69

4.4

47

3.9

Salicylic acid

528

34

532

44.1

Methyl-jasmonate

510

32.8

478

39.6

1-aminoacyclopropane-1-carboxylate

443

28.5

429

35.6

Abscisic acid

562

36.2

511

42.4

1

0.1

3

0.2

All stresses

3.3.3 Common DEGs and gene ontology (GO) functional enrichment analyses
Venn diagrams detected large overlaps in gene expression among the stress
response treatments (Figure 12). By comparing B. cinerea-inoculated and bioticstressed group, there were 380 and 218 commonly up- and down-regulated genes,
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respectively. Similarly, 211 genes were induced by B. cinerea infection as well as by
all hormonal treatments, and 265 were repressed by the same group of treatments.

Figure 12: Comparison of the number of BUGs and BDGs in response to stress
groups
The Venn diagram showing the number of (A) BUGs; and (B) BDGs that were also
affected by biotic, abiotic and hormonal stress groups. BUGs, B. cinerea up-regulated
genes; BDGs, B. cinerea down-regulated genes.
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Comparing B. cinerea-inoculated and abiotic stress-treated group, there were
21 commonly up-regulated genes and 30 commonly down-regulated genes (Figure
12). The overlapping DEGs in response to B. cinerea infection with all other stress
categories are also listed in Supplementary Data S15.
Excluding the repeated genes, the most significant 30 common DEGs (15 from
each of up- and down-regulated genes) after combining biotic, abiotic and/ or
hormonal stress results with BUGs and BDGs were also determined (Table 8).
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Table 8: Selected top 15 BUGs and BDGs in response to other stress groups
Gene Name

Identifier

FCa

p-val

Stressb

Source

BUGs
CORI3

At4g23600

24.8

0.16

B;A;H

Sham et al., 2014

NATA1

At2g39030

74.6

0.32

B;A

This study

CCR2

At2g21660

32.6

0.25

B;H

Lee et al, 2016; Salvador et al., 2017

RBCX1

At4g04330

39.9

0.34

B;H

This study

At1g56300

At1g56300

26.7

0.19

B;H

This study

At3g44860

At3g44860

23.3

0.14

B;A

This study

At3g51660

At3g51660

17.8

0.15

B;H

This study

JAZ1

At1g19180

15.9

0.20

B;H

This study

KIN2

At5g15970

15.1

0.33

A

Salvador et al., 2017; Hemsley et al., 2014

SRG1

At1g17020

52.7

0.50

A

Sham et al., 2015

ELI3-2

At4g37990

75.2

0.48

A

Sham et al., 2014

PR1

At2g14610

29.7

0.37

Salvador et al., 2017

CYP71A13

At2g30770

83.5

0.22

Salvador et al., 2017

α-DOX1

At3g01420

27.9

0.52

Sham et al., 2015; Salvador et al., 2017

PDF1.2

At5g44420

20.1

0.07

Salvador et al., 2017

VSP2

At5g24770

2

0.44

Berr et al., 2010; Salvador et al., 2017

At2g20670

At2g20670

−4.3

0.01

B;A;H

Sham et al., 2014

At1g72060

At1g72060

−4.2

0.11

B;A;H

This study

RAP2.4

At1g22190

−3.8

0.01

B;A;H

This study

DIR1-LIKE

At5g48490

−13.7

0.01

B;H

This study

At1g65490

At1g65490

−9.7

0.01

B;H

This study

bHLH

At5g50915

−9.4

0.01

B;H

This study

HAD

At2g41250

−7.9

0.02

B;H

This study

MLO12

At2g39200

−4.6

0.40

A

Sham et al., 2017

CER3

At5g57800

−2.9

0.01

BDGs

Lee et al, 2016; Salvador et al., 2017
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Fold change (FC) was calculated by dividing the expression of B. cinerea-infected
by that of non-infected samples. A twofold difference in expression level between B.
cinerea-infected and non-infected samples was set for considering a gene to be B.
cinerea up-/down-regulated genes (BUGs/BDGs). b Data of up- and down-regulated
genes in response to stress groups. (-), down-regulation; B, biotic stress; A, abiotic
stress; H, hormonal stress.
a

The DEGs common to all stresses were further investigated. For example, upregulated gene, coronatine induced 3/JA responsive 2 (CORI3/JR2; At4g23600), was
common in response to all stresses (Table 2; Supplementary Data S15). The three
altered expressed genes by the 11 tested stresses, RAP2.4 (At1g22190), At1g72060 and
At2g20670, were found to be commonly down-regulated. Overall, our data emphasize
on the complex nature of multiple stress responses and support the importance of
studying plant stresses in combination.
The GO annotation was established on commonalities of Arabidopsis upon
inoculation with B. cinerea and other pathogens, exposure to abiotic and hormone
challenges. Based on the functional similarities of their encoded proteins, BUGs or
BDGs were grouped with those up- or down-regulated belonging to other stress
classes. According to AGI locus identifiers, 45 functional categories were classified
into three major categories upon their biological processes, molecular functions and
cellular components (Figure 13-15).
Our analysis revealed that the general “response to stresses” was the category
of most up-regulated clustered genes when plants were inoculated with B. cinerea and
abiotic stress-affected group. The dominant subcategory ‘signal transduction’ was
highly associated with plant defense against pathogens and abiotic cues. The ABA
insensitive 1 (ABI1) (Asselbergh et al., 2008) was up-regulated by B. cinerea and
bacterial pathogens as well as the SA and ACC hormones. This suggests that plant
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hormones are tightly associated with defense against B. cinerea and other
environmental stresses. Enzymatic activities including kinases were also among the
dominant subcategories in BUGs and other groups (Figure 13-15). In addition, “cell
wall” term within the cellular component was highly up-regulated in the tested groups;
and the wall-associated kinase 1 (WAK1) (Sham et al., 2015) was also induced by
multiple stresses (Supplementary Data S12 & S14).
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Figure 13: GO classification of common DEGs in response to B. cinerea and other biotic stresses
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GO of BUGs (blue) and BDGs (red) also affected by other biotic stresses based on biological process (A), molecular function (B) and cellular
components (C). Gene identifications of 1,554 BUGs and 1,206 BDGs entered for this analysis. Error bars are SD. GO categories significantly
over- or under-represented (P ≤ 0.05) are shown.
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Figure 14: GO classification of common DEGs in response to B. cinerea and abiotic stresses
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GO of BUGs (blue) and BDGs (red) also affected by abiotic stresses based on biological process (A), molecular function (B) and cellular
components (C). Gene identifications of 1,554 BUGs and 1,206 BDGs entered for this analysis. Error bars are SD. GO categories significantly
over- or under-represented (P ≤ 0.05) are shown.
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Figure 15: GO classification of common DEGs in response to B. cinerea and hormonal stresses
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GO of BUGs (blue) and BDGs (red) also affected by hormonal stresses based on biological process (A), molecular function (B) and cellular
components (C). Gene identifications of 1,554 BUGs and 1,206 BDGs entered for this analysis. Error bars are SD. GO categories significantly
over- or under-represented (P ≤ 0.05) are shown.
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Different GO terms of BDGs encoding for structural activity, receptor
binding/activity or enzymatic activity proteins were highly down-regulated in response
to biotic, abiotic or hormonal stresses, respectively (Figure 13-15). The “electron
transport/energy pathways” was the category that most down-regulated genes
belonged in response to B. cinerea/biotic stress group and B. cinerea/hormonal stress
group, whereas, “plastids” and “ribosomes” were the dominant subcategories in the
cellular component. Consistent with previous findings, our data suggest rapid
metabolic repression of photosynthetic proteins when plants are under stress including
infection with B. cinerea (Figure 13-15) (Sham et al., 2014). Many reports have shown
that B. cinerea induces/represses several genes particularly those encoding
developmental, structural and regulatory proteins in Arabidopsis (AbuQamar et al.,
2006; Windram et al., 2012; Sham et al., 2014). Our data suggest connections between
gene expression alternation and mechanisms underlying stress resistance/tolerance
during multiple stress exposure.
Our knowledge of biological mechanisms related to B. cinerea infection is still
meagre (AbuQamar et al., 2016; Mengiste et al., 2010). Therefore, we constructed
interactome networks of commonly regulated genes in silico. Arabidopsis PPI network
of DEGs after exposure to groups that belong to multiple environmental challenges
and hormonal treatments were annotated by calculating their interactive degrees
obtained from the STRING database (Szklarczyk et al., 2016). The interactive
networks displayed clique in the sub-network, suggesting that the hub proteins may
form a super complex to play important roles in stress response. As a result, a total of
258 nodes were demonstrated to be involved in network construction and 250 edges
were established in the network. Key DEGs, such as those encoding RAP2.4 protein
possessed degrees of 10 were markedly more compared with those of other proteins
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(Figure 16; Figure 17; Supplementary Data S16); and functional analysis of RAP2.4
was further studied. Together, this indicates that the dynamic interactive net- works
between commonly regulated genes may help decide whether certain network
topologies can explain experimental observations.

Figure 16: Protein-protein interaction (PPI) network analyses of selected top 15 up-regulated genes
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Selected top 15 Botrytis cinerea up-regulated genes (BUGs; green rectangular nodes) and their neighbouring nodes/proteins (blue) are shown.
Grey lines represent direct connections/interactions between BUGs and the interacting nodes/proteins with each other.
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Figure 17: Protein-protein interaction (PPI) network analyses of selected top 15
down-regulated genes
Selected top 15 B. cinerea down-regulated genes (BDGs; red rectangular node), and
their neighbouring nodes/proteins (blue) are shown. Grey lines represent direct
connections/interactions between BDGs and the interacting nodes/proteins with each
other. Related to AP2.4 (RAP2.4; red oval node) proteins were further analysed in vivo.

3.3.4 qRT-PCR validation for the microarray results
To confirm the changes in gene expression revealed by the microarray
analyses, 13 DEGs were selected based on the microarray data for verification tests
(Figure 18). We performed qRT-PCR on Arabidopsis leaves infected with B. cinerea
at 0 and 18 hpi. The transcript levels of the DEGs (9 up-regulated; 4 down-regulated)
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with altered expression in response to various stress treatments (Table 8), were
quantified and compared with the obtained microarray analyses.

Figure 18: Expression levels of B. cinerea- and other stress-regulated genes in
response to B. cinerea treatment
Relative expression levels obtained by qRT-PCR for selected top 15 common up- and
down-regulated genes across all stresses in response to B. cinerea infection at 18 hpi
(Table 8). Gene expression in Arabidopsis wild-type plants inoculated with B. cinerea
at 18 hpi were compared to non-inoculated samples (0 hpi) and normalized to the
expression of the control gene, Arabidopsis Actin2 (AtActin2). Error bars for qRT-PCR
values are standard errors (n = 3). hpi, hours post inoculation.
Although the FC values observed in the two expression methods differed
somewhat, the tested DEGs displayed comparable patterns in transcript accumulation
in the analyses of the two approaches (Table 5; Figure 18). In response to B. cinerea.
For example, the transcript levels of the nine BUGs (CCR2, CYP71A13, α-DOX1,
PDF1.2, At1g754300, At3g51660, NATA1, SRG1 and ELI3–2) were increased (Figure
18), similar to that of the same set of genes identified in the microarray analyses. On
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the other hand, RAP2.4, DIR-Like, At1g5490 and HAD, which were considered as
BDGs, were also repressed by B. cinerea at 18 hpi. In general, a similar trend of
expression was found in both the microarrays and the qRT-PCR.
3.3.5 Mutations in RAP2.4 enhanced resistance to B. cinerea
From the microarray data, RAP2.4 was selected based on its expression profiles
for further analysis. Two mutant alleles in RAP2.4 gene displayed very low basal and
repressed RAP2.4 expression compared to wild-type plants (Figure 19A). The RAP2.41 showed the lowest transcript levels of RAP2.4 at 18 hpi with B. cinerea; and
therefore, this T-DNA insertion line was used in further experiments. We assumed that
RAP2.4 more likely plays a role in defense. Two homozygous T-DNA insertion lines
were inoculated with the fungal pathogen B. cinerea, evaluated for disease resistance
and compared with inoculated Arabidopsis wild-type (Col-0) plants –a relatively
resistant ecotype. After inoculations, disease lesions remained restricted in both TDNA insertion mutant lines of RAP2.4 and exhibited a more resistant phenotype than
the wild-type disease phenotype at all time points of infection (Figure 19B). In wildtype plants, lesions expanded until 4 days post inoculation (dpi), with chlorosis
surrounding them. Obviously, when we measured the diameter of the lesions, the
RAP2.4-1 and RAP2.4-2 mutants demonstrated smaller lesions than the wild-type
plants (Figure 19C), confirming that in the observed disease phenotype. To measure
disease development more precisely, fungal biomass accumulation of B. cinerea
ActinA (BcActinA) per leaf was measured at 3 and 6 dpi for each of the mutant lines.
Compared to growth in wild-type plants, there was a clear decrease in the growth of
fungal biomass in the RAP2.4 mutants (Figure 19D). This suggests that RAP2.4 gene
contributes to plant immunity toward B. cinerea.

78

Figure 19: Reduced RAP2.4 transcript levels enhanced resistance to B. cinerea
(A) Relative expression using qRT-PCR; (B) disease symptoms; (C) lesion diameter;
and (D) fungal growth in leaves of rap2.4 T-DNA insertion mutant plants after dropinoculation with B. cinerea. In (A), gene expression in Arabidopsis wild-type, rap2.41 and rap2.4-2 plants inoculated with B. cinerea at 18 hpi were compared to noninoculated samples (0 hpi) and normalized to the expression of the control gene
(AtActin2). In (C-D) data represent mean values ± SE (n = 20). Mean values followed
by a different letter are significantly different from each other (P ≤ 0.05). All assays
were repeated independently in triplicates with similar results. Wt, Col-0 wild-type;
RAP2.4, related to AP2.4 gene; BcActA, B. cinerea ActinA gene; AtAct2, Arabidopsis
Actin2 gene; dpi/hpi, days/hours post inoculation.

3.3.6 Down-regulation of RAP2.4 alters the expression of defense-regulated genes
in response to B. cinerea
In order to link RAP2.4 function in defense to specific pathway(s), we assessed
the response of B. cinerea-infected tissues to molecular markers of different signaling
pathways. The transcript levels of the SA-mediated defense-associated genes, PR1, β1,3-glucanase (BGL2/PR2) and phytoalexin deficient 4 (PAD4) (Birkenbihl et al.,
2012) were determined in RAP2.4-1 mutant. The basal expression levels of all SA-
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associated genes in uninfected plants revealed significant reduction in RAP2.4
compared to wild type (Figure 20A, 20C). Although the transcript of the SA marker
gene, PR-1, increased at 18 hpi with B. cinerea in wild-type plants, the expression was
significantly higher in RAP2.4 (Figure 20A). This suggests that RAP2.4 plants respond
faster in terms of PR-1 expression; thus, the increased PR-1 levels may be an indirect
consequence of the decreased rate of fungal growth in RAP2.4 plants. After B. cinerea
inoculation, PR2 and PAD4 showed a similar pattern of expression between RAP2.4
and wild type plants infected with B. cinerea although the repression was much lower
in the mutant plants (Figure 20B, 20C). This suggests that the basal expression level
of SA-related defense genes might be dependent on RAP2.4.
At 18 hpi with B. cinerea, the transcript levels of JA/ET pathway defense
marker genes, PDF1.2, PR3 (β-chitinase) and PR4 (hevein-like) were significantly
induced in both wild-type and RAP2.4 mutant plants (Figure 20D–F). The increase in
the expression of PR3 and PR4, but not PDF1.2, was comparable in wild-type and
RAP2.4 plants. Hence, these B. cinerea-induced genes which are activated by the
oxylipins, JA and/or OPDA, are COI1-dependent (Taki et al., 2005; Stintzi et al., 2001)
and are negatively regulated by the TF, MYC2 (Lorenzo et al., 2004).

Figure 20: Expression of defense response-related genes during B. cinerea infection
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Relative expression using qRT-PCR of selected (A–C) salicylic acid (SA); (D–F) jasmonic acid/ethylene (JA/ET); (G–J) JA and/or 12-oxophytodienoic acid (OPDA); and (K,L) cyclopentenone pathway-associated genes. Gene expression in Arabidopsis wild-type (Wt) and rap2.41 plants inoculated with B. cinerea at 18 hours post inoculation (hpi) were compared to non-inoculated samples (0 hpi) and normalized to the
expression of the control gene (AtActin2). Error bars for qRT-PCR values are standard errors (n = 3). Mean values followed by an asterisk are
significantly different from the corresponding wild-type control at the specified time of inoculation (P ≤ 0.05). All assays were repeated
independently in triplicates with similar results.
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In wild-type plants, there was repression in VSP2 in response to B. cinerea;
thus, the transcript levels of VSP2 were markedly increased in RAP2.4 after inoculation
(Figure 20G). Similar to VSP2, healthy RAP2.4 plants expressed lower basal levels of
MYC2, but the transcript accumulated to high levels within 18 hpi (Figure 20H). This
contrasts with the suppression of MYC2 in B. cinerea-inoculated wild-type plants. This
suggests that the down-regulation of RAP2.4 may require oxylipins during pathogen
infection.
There was an increase in transcript levels of 12-oxophytodienoate reductase 1
(OPR1) when wild-type and RAP2.4 plants were challenged with the necrotrophic
fungal pathogen B. cinerea (Figure 20I). The induction was significantly increased in
RAP2.4 mutant. On the other hand, the expression of OPR3 was altered in RAP2.4
mutant plants after infection (Figure 20J). The expression of genes that were
responsive to the cyclopentenones, phytoprostanes or OPDA (Mueller et al. 2008;
Stotz et al., 2013) was also analysed. The Arabidopsis detoxification-related genes,
GST6 and GSTU19, were up-regulated in in wild-type-infected plants (Figure 20K,
20L). No induction of the same genes was observed in RAP2.4 mutant after infection,
indicating that there is a common regulation between electrophilic oxylipins and B.
cinerea, and that RAP2.4 plays a major role in this regulation. Overall, these results
suggest that the down-regulation of RAP2.4 gene alters the expression of JA- and/or
cyclopentenone-mediated response genes, which may result in the increased resistance
of RAP2.4 mutants to the necrotrophic pathogen B. cinerea.
3.4 Discussion
Plants are often affected by diseases mainly caused by pathogens (Lee et al.,
2013; Sham et al., 2014) with a consequent serious reduction in plant growth,
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development and productivity. Abiotic stress conditions have a direct impact on plantmicrobe interactions, and alternation of plant physiology and defense responses. Plants
retain a range of defense mechanisms to combat stress conditions (Meena et al., 2017),
which involve a variety of metabolic reprogramming events and cellular pathways.
Once sensing a single or multiple stress(es), plants show an immediate and evoking
response to initiate a complex stress-specific signaling by synthesizing hormones and
accumulating phenolic compounds (AbuQamar et al., 2017). In this work, we
performed a meta-analysis of transcriptomic data related to environmental challenges
in Arabidopsis publicly available at present to explore the complexity of the
transcriptional changes of Arabidopsis. For that reason, we analysed the transcriptome
of Arabidopsis at one time point after pathogen infection, insect infestation or abiotic
stress using Affymetrix ATH1 whole-genome GeneChips. We aimed to determine
which genes, pathways, gene set categories and predicted PPI networks may play a
key role in specific responses to environmental stresses (pathogen infections and
abiotic cues). Our focus in the current study was not only on plant responses to the
necrotrophic pathogen B. cinerea, but also to the virulent and avirulent bacterial strains
of P. syringae pv. tomato, the other fungal pathogen A. brassicicola and the herbivore
insect P. rapae. We also extended our analysis to include oxidative stress and
wounding on Arabidopsis. Because alterations in the level of phytohormones have
some prominent responses against environmental stresses in planta, we studied the
effect of SA, MeJA, ACC and ABA treatments. There is an increasing demand for
more meta-analysis of transcriptomic studies (Meena et al., 2017; Balan et al., 2018),
which can be featured for many reasons. First, the transcript levels are highly affected
by changing environmental conditions. Second, the inconsistency in the generated
results, coming from field studies, can be affected by other disturbing factors. Third,
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the integration of high-throughput technologies (transcriptomics, proteomics and
metabolomics) is of a concern nowadays due to the high costs and qualified experts in
“omic” analyses. Moreover, the commonalities of independent studies will identify
genes strongly associated with the studied stresses in order to focus on the functional
analysis of these common DEGs (Sweeney et al., 2017; Balan et al., 2018). Here, the
well-defined analysis pipelines, standardized approaches for data analysis in addition
to the availability of datasets to public were among the reasons that microarrays were
selected over any other transcriptomic approaches.
In Arabidopsis, we found 6.8% and 5.3% of the transcriptome was considered
up- and down-regulated in response to B. cinerea, respectively, which agrees with
previous data in several studies (AbuQamar et al., 2006; Sham et al., 2014; 2017). The
time point for global expression profiling was set to 18 hpi with B. cinerea, due to the
fact that most changes in gene expression occur between 18 and 30 hpi (AbuQamar et
al., 2006; Berr et al., 2010; Sham et al., 2014; 2015). In addition, the findings of our
microarray meta-analyses on Arabidopsis plants individually treated with a tested
single biotic stress, abiotic stress or hormone, are comparable to those in the literature
(De-Vos et al., 2005; AbuQamar et al., 2006; Rehrig et al., 2014; Sham et al., 2014;
Zhang et al., 2017). It must be noted that in all Arabidopsis-stress combinations, many
genes showed a more than twofold change in expression at the time point tested.
Although several studies have reported meta-transcriptomic analysis combining
different environmental stresses, this report linked B. cinerea-infected plants with
other biotic and abiotic stresses at the transcriptional level. More than 50% of BUGs
were also induced by any of the P. syringae pv. tomato strains. In addition, 40–50%
of all consistent changes elicited by A. brassicicola and P. rapae were consistently
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triggered by B. cinerea. This suggests that these genes are commonly activated or
repressed during these Arabidopsis-attacker interactions.
On the other hand, the number of co-regulated genes in response to B. cinerea
and the tested Arabidopsis-abiotic challenge combinations was much lower. We also
investigated the role of hormones in the regulation of the overlapping gene sets of
Arabidopsis-B. cinerea interaction. We identified probesets representing individual
hormone-responsive genes among the selected B. cinerea-responsive genes.
Comparison of the hormone-responsive genes with that of B. cinerea-responsive
probesets revealed that 34%, 33%, 29% and 36% of the BUGs are responsive to SA-,
JA-, ACC- and ABA, respectively (Table 7). The percentages of all hormonal
responsive genes with the B. cinerea-repressed changes were even higher, indicating
that hormones play a dominant role in the transcriptional reprogramming of
Arabidopsis in response to B. cinerea infection. This is confirmed by another study of
which the expression of BUGs is also affected by ethylene-insensitive 2 (ein2),
coronatine insensitive 1 (coi1) and SA-deficient (nahG) mutations (AbuQamar et al.,
2006), suggesting a regulatory role of hormones in mediating gene expression by B.
cinerea which may have effects on disease responses. It has been reported that several
P. syringae-, A. brassicicola-, and P. rapae-induced genes are also considered as JAresponsive genes (De-Vos et al., 2005). Although pathogen/insect attackers with very
different modes of action (e.g., B. cinerea, A. brassicicola, P. syringae and P. rapae)
may induce similar sets of responsive genes, most of these genes are affected by a
specific attacker. This suggests that hormones and other factors may enable fine-tuning
the transcriptional machinery of defense response.
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Interestingly, the eleven stress treatments induced only one gene and repressed
three genes that could be considered as common regulators of the overlapping gene
sets. The comparative microarray data analysis demonstrated that CORI3/JR2 was
commonly up-regulated and RAP2.4, At1g72060 and At2g20670 were found to be
commonly down-regulated (Figure 12). The CORI3/JR2 gene encoding cystine lyase
is an enzyme that generates an ET precursor, and has been previously reported to be
induced by B. cinerea, cold, drought and oxidative stresses (Sham et al., 2014), P.
syringae (Lee et al., 2013), wounding (Suza & Staswick, 2008) and MeJA (Seo et al.,
2013). Arabidopsis RAP2.4d, a common repressed gene to all stresses in test, is a
member of RAP2.4 (AP2/DREB-type TF) family, was down-regulated in response to
cold, light and ET but up-regulated in response to oxidative stress, increased salt and
drought (Rudnik et al., 2017; Lin et al., 2008), suggesting a role of RAP2.4 to coordinately regulate multiple abiotic stress responses. In addition to B. cinerea, the
transcript levels of At1g72060 was reduced by cold, drought and oxidative stress
(Windram et al., 2012; Sham et al., 2014;); and At2g20670 was repressed by heat,
salinity and osmotic stress (Sham et al., 2015).
To get an insight into the function of commonalities of B. cinerea and other
stress groups, we categorized the biological function according to the GO tool. Some
of these functional categories covered a relatively large proportion of the Arabidopsis
genome e.g. “electron transfer/energy pathways”, representing most of the annotated
genes commonly regulated by B. cinerea-biotic stresses and B. cinerea-hormonal
stresses, but not B. cinerea-abiotic stress group. Thus, most of B. cinerea-abiotic stress
group belonged to the functional category “biological processes” and “response to
stress/stimulus”. The number of up-regulated genes predicted to be involved in
“response to biotic and abiotic stress” in all Arabidopsis biotic stress combinations
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tested was similar to observations done by the four biotic stresses of P. syringae, A.
brassicicola, P. rapae and the feeding thrips (Frankliniella occidentalis) (De-Vos et
al., 2005). This distribution of the identified DEGs sets over the various functional
classes within the genome makes it possible to better understand the importance of the
functional category in plant response. Analysis of GO data revealed that several B.
cinerea- and abiotic stress-induced genes were in favour in “receptor binding” and “TF
activity”. Another large functional group of DEGs was enriched in the regulation of
cellular components. These categories were consistent with the response of the plant
to environmental stress known to derive to strong metabolic readjustment, defense
mechanism and turning off the photosynthesis machinery. Our data are in accordance
with previous findings in response to biotic and abiotic stresses in Arabidopsis (Farjad
et al., 2018; Zhao et al., 2018). Modern ‘omic’ technologies can generate countless
lists of biological identifiers/genes. Visualization of the identified overlapping
genes/proteins can provide new insights into phenotypes and better understanding of
the biological significance (Wang et al., 2014). The co-expression data and PPI
networks were incorporated and visualized to identify the regulation of the up- and
down-regulated genes/proteins (Table 8). Our analysis of the interactive networks of
proteins matches with what has been previously reported that biological networks may
elucidate the role (Vandereyken et al., 2018). STRING is a distinctive database in a
way that it not only allows the visualization of gene/protein lists of an interactome
network, but also links it directly to a comprehensive annotation of the gene/protein
lists; thereby providing biological implications of these overlapping as well as nonoverlapping gene/protein sets (Szklarczyk et al., 2016). The integration of gene
expression data with the interactome network can provide further biological
information associated with the function of these genes in response to multiple
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environmental challenges. The genes involved in co-expression analysis have been
underlying in molecular network formation (Sanchita & Sharma, 2015). The coexpressed genes might be validated by their regulation is such having similar cisregulatory elements for a TF. Thus, co-regulation studies validate the relationship of
correlated genes. Among these is RAP2.4, which is involved in ET-activated signaling
pathway (Lin et al., 2008) and was repressed by B. cinerea (Figure 20). As most
RAP2.4 TFs, RAP2.4d protein mediates the fine-control and adjusts the availability of
three chloroplast peroxidases (Rudnik et al., 2017). In addition, RAP2.4 can bind to
both the dehydration-responsive element (DRE) and the ET-responsive GCC-box (Lin
et al., 2008). The T-DNA insertion line of RAP2.4 showed increased resistance to B.
cinerea. The B. cinerea-induced RAP2.2, which also relies on ET signaling pathway,
showed, on the other hand, decreased resistance to this fungal pathogen (Zhao et al.,
2012). This indicates that RAP2.4 appears to be important in response to abiotic and
biotic stresses, particularly in the tolerance to drought (Lin et al., 2008) and
pathogenesis of B. cinerea. Although resistance mediated by SA has been reported to
be mainly against biotrophic pathogens, other reports have shown the involvement of
SA-mediated genes in response to necrotrophic pathogens including B. cinereal
(Mengiste et al., 2010; AbuQamar et al., 2017). Similar to our results, PAD4 gene was
repressed but PR1 gene was induced after B. cinerea infection (Mengiste et al., 2010),
regardless of the inoculated genotype (Figure 20). In comparison to wild-type, RAP2.4
mutant plants exhibited significantly decreased expression levels of PR1, PR2 and
PAD4, indicating that the basal expression level of SA-responsive genes may depend
on RAP2.4. In addition, JA/ET-mediated response contributes to plant defense against
necrotrophic pathogens (Mengiste et al., 2010; AbuQamar et al., 2017; Li et al., 2019).
The JA/ET responsive genes, PDF1.2, PR3 and PR4, were induced by B. cinerea in
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wild-type and RAP2.4 plants. The VSP2 gene that is regulated by the MYC2 can be
activated by JA and wound but suppressed by ET (Lorenzo et al., 2004). Our results
showed that the expression of VSP2 and MYC2 was enhanced in RAP2.4 but repressed
in wild type plants after B. cinerea infection. These findings agree with a previous
study that infections with B. cinerea induce Arabidopsis VSP2 and MYC2 at 14 hpi,
followed by a significant decrease at 24 hpi (Liu et al., 2017). This might be attributed
the increased levels of the stress hormone ET leading to down-regulation of VSP2 and
MYC2 in the wild-type-infected plants (Leon-Reyes et al., 2010). Interestingly, our
qRT-PCR analysis showed that the reduced transcript levels of VSP2 (Figure 20)
seems to contradict the results obtained from the microarray data analysis (Table 8).
This discordance could be due to the different plant growth conditions and pathogen
infection procedures in this study and the datasets obtained from publicly available
microarrays.
Previous studies have reported that the cyclopentenone OPDA regulates gene
expression in concert with JA to fine-tune the expression of defense genes (Stintzi et
al., 2001; AbuQamar et al., 2013). Arabidopsis EXLA2 and OPR3 genes can modulate
gene expression through COI1 or the electrophile effect of the cyclopentenones under
biotic stress conditions (AbuQamar et al., 2013; AbuQamar, 2014; Ribot et al., 2008).
In addition, Arabidopsis and tomato mutants of OPR3 enhanced resistance to B.
cinerea (Chehab et al., 2011; Scalschi et al., 2015). Consistent with that, it was found
that the transcript levels of OPR3 were dramatically reduced in RAP2.4-infected
plants, indicating a common regulation of gene expression in response to electrophilic
oxylipins and B. cinerea. The detoxification-related genes, GST6 and GSTU19, that
are known to be highly up-regulated by OPDA and PPs (Mueller et al., 2008; Stotz et
al., 2013) were also induced in the wild‐type, but not in the RAP2.4 mutant, after
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infection. This confirms that the regulation of these genes is affected by the down‐
regulation of RAP2.4 toward B. cinerea. We speculate that RAP2.4 mutant
accumulates JA as well as cyclopentenone oxylipins upon infection with B. cinerea.
To test this hypothesis, quantification of JA, OPDA and PPA1 in RAP2.4 mutant before
and after infection is among our priorities. Future research to dissect the importance
of RAP2.4 in the regulation of JA- and/or cyclopentenone-mediated gene responses
and to map all implicated elements in stress signal transduction pathways should be a
major focus.
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Chapter 4: Conclusion
The Arabidopsis gene expression profiling in response to various
environmental stress helped in paving the path to understand the underlying complex
regulatory network of signaling pathways. The flow of this study targets in a way that,
the first part of this research starts with the identification and understanding of the gene
regulations and functional analysis in response to a single stress (B. cinerea) in the
presence and absence of a previously reported defense responsive gene WRKY33. The
study helped in identifying potential defense-related genes that coordinate regulatory
pathways through WRKY33 in mediating resistance to the fungal pathogen B. cinerea.
We identified a number of potential defense-related genes that coordinate regulatory
pathways through WRKY33 in mediating resistance to B. cinerea. Further investigations
are needed to elucidate in detail the function and mechanism of cyclopentenone
metabolism during B. cinerea and other necrotrophic pathogens infections.
The second part in which a combinatorial effect of stresses was analyzed and
studied in response to the major plant pathogen B. cinerea. A combination of 11
different stresses (5 biotic, 2 abiotic and 4 hormones) were used and with the help of
transcriptomic analysis, the common DEGs were identified. One up-regulated gene,
CORI3/JR2 (At4g23600) and three down-regulated genes RAP2.4 (At1g22190),
At1g72060 and At2g20670 were found to be common across the 11 stresses, which
could be used as potential markers to study the different environment stresses. The
RAP2.4 gene identified from this study could be used as a potential target in plant
defense through the regulation of endogenous signal molecules and- or- pathogenderived effectors. The results from this study provided a detailed picture of the highly
dynamic interactive network involving several signaling proteins, in which inoculation
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with B. cinerea served as major control parameter to multiple stress responses in
Arabidopsis. A recent genome-wide association study has revealed the combinatorial
effect of P. rapae and drought on the regulation of genes in response to B. cinerea;
thus, by differentially regulating the level of resistance to B. cinerea (Coolen et al.,
2019). The meta-analysis of the current study revealed that upon individual or multiple
stress(es), several common genes play a significant role in the defense mechanism of
the plant. We conclude that RAP2.4 has the potential to serve in plant defense through
the regulation of endogenous signal molecules and/or pathogen‐derived effectors.
Future investigations into the identification of pathogen‐suppressed RAP2.4 gene
expression and the relationship with membrane‐associated microbe pattern (MAMP)‐
triggered defense will help explain the functions of RAP2.4 in innate immunity against
B. cinerea. The long-term goal is to identify target genes, which can be helpful in
breeding programs and agricultural biotechnology, and to generate crop varieties
resistant to pathogen challenges, climatic changes and hormonal imbalances.
4.1 Managerial Implications
The findings from this study, could help in improving crop resistance to
different environmental stresses by introducing WRKY33 gene or by regulating the
expression of RAP2.4 gene in other crops (e.g. Solanaceae family) thereby generating
resistant or tolerant crops to B. cinerea or other environmental stresses used in this
study. In short, the identified target genes can be helpful in breeding programs to
generate crop varieties resistant to several pathogen attacks, climatic challenges and
hormonal imbalances.
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4.2 Research Implications
Overexpressing lines of WRKY33 showed enhanced resistance to B. cinerea
compared with the wild type. This study focused on identifying transcriptional
responses mediated by WRKY33 at early stages of B. cinerea infection using
microarray-based analysis to examine the expression profiling in Arabidopsis
WRKY33 transgenic plants. We also determined functional classes related to defense
responses and/or non-defense pathways regulated by B. cinerea infection. Plant
response to B. cinerea can be regulated by electrophilic oxylipins, opening the door
for opportunities to establish network models of defense signaling pathways during B.
cinerea-Arabidopsis interactions.
The public transcriptomic data were analyzed and compared to identify the
overlapping stress-regulated genes in response to B. cinerea and other biotic (P.
syringae pv. tomato DC3000 virulent and avirulent Rpm1 strains, A. brassicicola and
P. rapae), abiotic (oxidative stress and wounding) and hormonal (SA, JA, ET and
ABA) stresses. This study revealed the genes uniquely expressed in response to each
of these stresses, and those commonly expressed in response to B. cinerea and other
stresses. The Arabidopsis Protein-Protein Interaction (PPI) network demonstrated the
complex regulatory network co-expressed across the multiple stresses. We also
developed a transcriptome-interactome mapping strategy to compare the interactions
between proteins encoded by genes that belong to different expression-profiling
clusters. T-DNA insertion mutant lines of related to AP2.4d (RAP2.4d, At1g22190)
exhibited increased resistance to B. cinerea, with reduced disease symptoms and
pathogen growth in inoculated plants. Thus, a better understanding of the molecular
mechanisms of plant responses to B. cinerea and other environmental stresses along
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with their genetic control has been developed. This will accelerate the future of genetic
engineering and breeding programs for the production of crops with the use of less
chemical pesticides.
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